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ABSTRACT 
Fifty percent of ail the deaths in the Western world can be attributed to 
diseases of the cardiovascular system. A major player amongst these diseases is 
atherosclerosis. Atherosclerosis is the localized thickening of the arterial wall and 
is primarily due to the proliferation of fibrous tissue and smooth muscle cells in 
conjunction with the deposition of lipids within the wall. The hypothesis 
investigated was that high frequency, low amplitude vibratory environments similar 
to those found in regions of disturbed flow, which are coincident with intimal 
thickenings, the earliest stage of atherosclerosis, do elicit a proliferative response 
in vascular smooth muscle cells without the introduction of outside agents such as 
biochemicals derived from endothelial cells or blood borne particles. Research 
done in this study that provides evidence to lend credence to this hypothesis 
involved culturing vascular smooth muscle cells in high frequency, small amplitude 
vibratory environments 
An analytical model of the wall of an artery was developed that treated the 
vessel as a distensible, axisymmetric, curvillnearly-isotropic, straight, semi-infinite, 
thin-walled cylinder in bending with a circular cross-sectional area. The equations 
of motion developed for these regions demonstrate that there is a relationship 
between wall properties and how the wall moves in response to an outside force. 
A test stand which was capable of subjecting vascular smooth muscle cells 
to either vibration levels assumed to mimic those found in the regions of disturbed 
flow, ranging from 45 Hz and 12 |j,m to 15 Hz and 4 |im, or of isolating them from 
essentially all vibration was designed and assembled. 
The in vitro examination done in this study looked at the effects of vibration 
xviii 
on vascular smooth muscle cells. Reliable and efficient procedures were 
developed and followed to isolate, culture, identify, and quantify vascular smooth 
muscle cells for use in this study. A new method of quantifying cells, alamarBlue™-
which had never before been used on vascular smooth muscle cells was evaluated 
and procedures for its use were developed. 
Analysis of the data, from 5 different levels of vibration, on the growth rates of 
vascular smooth muscle cells led to several conclusions. 
• High frequency vibration at various small amplitudes of motion (4 |j,m and 12 |j,m 
at 15 HZ, 8 |im at 30 Hz, and 4 |im at 45 Hz) had no effect on growth rates. 
• Cells that were subjected to vibration levels of 12 |im 45 Hz grew at a 
significantly higher rate than did cells grown in static conditions. 
• There is a relationship between the dynamic environment of vascular smooth 
muscle cells and the rates at which they proliferate. 
1 
I. INTRODUCTION 
Fifty percent of all the deaths in the Western world can be attributed to 
diseases of the cardiovascular system. A major player amongst these diseases is 
atherosclerosis (Stehbens, 1979). Atherosclerosis is the localized thickening of 
the blood vessel wall and is primarily due to the proliferation of fibrous tissue and 
smooth muscle cells in conjunction with the deposition of lipids within the wall. 
Historically, the development of atherosclerosis was thought to be solely due to 
injury to the vessel wall and/or dietary consumption of fat. Hemodynamics, fluid 
dynamics of the circulatory system, was either ignored or thought to play only a 
limited role in the localization of sites of predilection for development of 
atherosclerotic lesions (Stehbens, 1979). However, within the past forty years, a 
number of researchers have theorized that hemodynamics not only act to localize 
atherosclerotic lesions, but also play a primary role in the pathogenesis of the 
disease. 
The complete disease process involves not only hemodynamics, but also a 
complicated interplay of other elements such as environment, genetic background, 
components of the arterial wall (especially endothelial cells, smooth muscle cells 
and connective tissue), and blood borne elements (such as platelets, monocytes 
and low density lipoproteins) 
Any theory concerning the pathogenesis of atherosclerosis must also 
account for the first stage of the disease, which consists of a distribution of diffuse 
intimal thickenings in the arterial walls due to proliferation of vascular smooth 
muscle cells. This distribution can be closely identified with later distribution and 
severity of atherosclerosis (Stehbens, 1979; Ross and Glomset, 1976a). In this 
2 
section a review is presented summarizing the structure of the arterial wall, the 
changes that occur in the wall during the disease process and some current 
theories pertaining to the initial smooth muscle cell proliferation. In the following 
chapter, a new theory is proposed that relates this proliferation to the dynamic 
environment of these cells within the arterial wall. 
First the normal composition of a large- to medium- sized muscular artery is 
described. The wall of this type of vessel contains three layers: the tunica interna, 
the tunica media, and the tunica externa (Figure 1.1). A description of each layer is 
given below. Additional information concerning vascular smooth muscle cells 
specifically is also provided in the section on the tunica media. 
I.A. The Normal Arterial Wall 
^ Tunica Externa 
Tunica Media 
Tunica Interna 
with Elastic Lamina 
Endothelium 
Figure 1.1 Schematic of a Medium Sized IVIuscular Artery 
3 
I.A.I Tunica interna 
The innermost layer, called the tunica interna or intima, provides the 
endothelial lining of the lumen of the vessel. Arterial endothelium consists of simple 
squamous epithelium which is underlaid by subendothelial connective tissue. The 
internal elastic lamina is the outermost component of the tunica interna in most 
arteries. This lamina is a fenestrated sheet of elastin that demarcates the interna 
from the next layer, the tunica media (Junquerira et al.,1992: Martini, 1989). 
There are several points concerning the cells and tissues which make up the 
tunica interna that are worth noting. 
Endothelial cells form a selectively permeable barrier lining each blood 
vessel. They play a great role in transport of materials through the vessel wall. 
They have processes which contact the smooth muscle cells of the tunica media to 
transmit lumen contents (Carrithers,1992). These cells are also the most directly 
affected by forces due to hemodynamics such as shearing (Nerem,1992). 
Normal cell shape is flattened with a thin cytoplasm and a single ellipsoid 
nucleus. In laminar flow regions when seen en face, the cells' outlines are shaped 
like tear-drops, and their long axis is aligned with the direction of the flow. The 
nucleus and the bulk of the cytoplasm are distal to the middle part of the cell. 
However, in regions of disturbed flow, such as seen along the outer walls of the 
daughter vessels of a bifurcation, these cells are often polygonal with irregularly 
shaped nuclei and random orientation. Cuboidal endothelial cells are present at 
apexes of these bifurcations (Ferrans,1980: Naumann and Schmid-Schonbein, 
1983). 
Subendothelial connective tissue has proteoglycans and moderate numbers 
of fine collagen fibers. No smooth muscle cells are present and fibrous connective 
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tissue is scant, unless thicl<ening, which will be discussed in the next section, has 
occurred (Ferrans,1980). 
I.A.2 Tunica Media 
The middle layer of the wall is called the tunica media or media. It consists of 
alternating concentric layers of helically arranged smooth muscle cells and elastic 
tissue, with reticular fibers, Type I and Type III collagen, and proteoglycans 
interspersed throughout the media. There are more smooth muscle cells and less 
elastin in these arteries than in the larger elastic arteries like the aorta. An external 
elastic lamina may separate the tunica media from the tunica externa (Junquerira 
et al.,1992; Martini, 1989). 
I.A.2.a Vascular Smooth Muscle Cells 
Since the focus of this dissertation is on the earliest stage of atherosclerosis, 
which involves primarily proliferation of smooth muscle cells, a more complete 
description of vascular smooth muscle cells (Figure 1.2) which originate in the 
tunica media is appropriate. 
Smooth muscle cells can synthesize extracellular components characteristic 
of connective tissue such as Type 1 and Type III collagen, elastin, and 
proteoglycans (Ross and Glomset, 1976a; Junquerira et al.,1992: Nerem,1992; 
Ferrans,1980). This ability plays a crucial role the early development of 
atherosclerosis. 
Vascular smooth muscle is categorized as single-unit, i.e., a whole mass of 
muscle cells acts together as a single unit in response to stimulation. This type of 
muscle has many gap junctions to allow it to function as if it were a syncytium 
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(Carrithers,1992: Guyton,1991). 
The cells are elongated and nonstriated with a single central elongated 
nucleus which changes shape with contraction and relaxation (Ferrans,1980: 
Guyton,1991). 
Figure 1.2 Rat Aortic Smooth Muscle Cells in Culture 
with Labeled Actin Filaments 
Mitochondria, free ribosomes, cisternae of rough endoplasmic reticulum, 
and the Golgi complex are concentrated at the poles of the nucleus. A moderate 
number of transport vesicles and a rudimentary sarcoplasmic reticulum are 
present, but there are no T-tubules such as those seen in striated muscle 
(Junquerira et al.,1992). A well developed basal lamina surrounds each cell 
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except where cells are joined by gap junctions. 
The contraction mechanism in smooth muscle involves both actin in 
filaments and myosin (thick) filaments. The myosin in smooth muscle is chemically 
different from that present in skeletal or cardiac muscle (Ferrans,1980), with myosin 
heads present along its length and bare regions at the end of the filaments. This 
pattern allows actin to overlap more, thus allowing a greater degree of contraction 
(Junquerira et al.,1992). Actin filaments are approximately 15 times more 
abundant than myosin filaments (Guyton,1991). The actin filaments are attached to 
dense bodies. Some of the dense bodies are attached to the cell membrane while 
others are dispersed within the cell. A cytoskelatal protein frame made up of 
intermediate filaments (made of desmin [skeletin] protein and vimentin) (Junquerira 
et al.,1992) are believed to link the dense bodies in the cytoplasm and those 
attached to the plasma membrane to each other. This frame also supports the 
filamentous actin and myosin arrays. Thus, both actin and intermediate fibers are 
attached to the dense bodies. These bonds transmit the force of contraction 
through the smooth muscle cell while reticular fibers attach adjacent smooth 
muscle cells. These attachments allow for concerted muscular contractions 
(Guyton,1991). 
Tropinin, which regulates contraction in skelatal muscle, is not present in 
smooth muscle. Its role Is fulfilled by calmodulin, a calcium binding protein. 
Calmodulin complexes with calcium ions to activate myosin light-chain kinase, 
which causes phosphorylation of the myosin heads. This allows actin-myosin 
crossbridges to form and causes the cell to contract (Junquerira et al.,1992). 
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I.A.3 Tunica Externa 
The outermost layer of the arterial wall is called the tunica externa or the 
adventitia. This layer is composed of circumferentially oriented dense fibrous 
collagen (Type I) and elastic fiber bundles in which the nerves, blood vessels (vaso 
vasorum) and lymphatics that serve the wall are located. Tunica externa gradually 
blends into the surrounding connective tissue (Junquerira et al.,1992; 
Martini, 1989). 
LB The Arterial Wall in Atherosclerosis 
Of these three layers: tunica interna, tunica media, and tunica externa, the 
inner two layers are the most involved in the initiation of atherosclerosis. The 
changes experienced by the artery are focused initially in the intima and involve 
endothelial cells, smooth muscle cells, and peripheral blood monocytes 
(Nerem,1992: Ferrans,1980). However, in order to present a complete picture, a 
brief description of the appearance of the arterial wall will be given for all four of the 
major stages of atherosclerosis; intimal thickenings, fatty streaks, fibrous plaques, 
and complicated plaques. 
I.B.I Intimal Thickenings 
There are two types of intimal thickenings: Intimal pads and diffuse intimal 
thickenings. These two phenomena differ in location, appearance, cause and 
function. 
Intimal pads occur at the apex of bifurcations, i.e., the central proximal 
portion of a flow divider. The pads are thickest at the apex of the divider and 
become thinner and finally disappear as they proceed distally in the artery. They 
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vary histologically from site to site, but in general, features include abundant elastic 
tissue organized into a network of fibrils rather than lamellae, collagen, 
proteoglycans, smooth muscle cells and few connective tissue ceils. The 
increased population density of endothelial cells and their rapid turnover represent 
a protective adaptation, hence the term "pad", to the fluid dynamic forces found in 
these areas. Intimal pads are not normally sites for development of 
atherosclerosis (Ferrans,1980: Naumann and Schmid-Schonbein, 1983). 
On the other hand, diffuse intimal thickenings (Figure 1.3) are the sites 
where atherosclerotic plaques form; however, not all thickenings develop plaques. 
Thus, intimal thickening may be a necessary, but not a sufficient condition for 
atherogenesis. These sites are typically found in association with disturbed flow in 
the blood stream. Thickening begins soon after birth, when the vast majority of 
cells are densely packed, myofilament rich, longitudinally organized smooth 
muscle cells (Ferrans,1980;Campbell and Campbell, 1989). Connective tissue 
ground substance, a mixture of glycoproteins and proteoglycans that is active in the 
binding of cells to the fibers in connective tissue and is normally present in the 
intima is sparse. The increase in intima thickness is due to migration and 
proliferation of smooth muscle cells emanating from the tunica media (Ross and 
Glomset, 1976a: Ross and Glomset, 1976b; Nerem,1992). 
I.B.2 Fatty Streaks 
Fatty streaks are commonly found in young people. They are characterized 
by a local accumulation of small numbers of intimal smooth muscle cells containing 
and surrounded by deposits of lipids. The lesions may be flat or slightly raised and 




Figure 1.3 Diffuse Intimal Thicl<ening . Endotlielium (E) with basement membrane 
(BM). Note alternating layers of elastic laminae (L) and smooth muscle cells (M). 
C and D denote a degenerate cell and debris (x 6400). 
(From Ferrans, 1980,page 139) 
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cells are also present. Some foam cells are derived from markedly changed lipid-
laden smooth muscle cells, while others come from blood-borne monocytes which 
have migrated into the arterial wall to become macrophages and later foam cells. 
Collagen, elastin, and proteoglycans are also present (Ferrans,1980: Campbell 
and Campbell, 1989; Ross and Glomset, 1976a: Nerem,1992). Not all researchers 
agree that fatty streaks are true atherosclerotic lesions: some classify them as 
prelesions (Ferrans,1980). 
I.B.3 Fibrous Plaques 
Fibrous plaques first appear in the second and third decades of life, and the 
sites of this characteristic type of advancing atherosclerosis are clinically identified 
as sites of the disease. (Ross and Glomset, 1976a: Nerem,1992) This type of lesion 
is not seen worldwide: it is seen only in populations that develop ischemic heart 
disease (Ross and Glomset, 1976a: Ferrans,1980). Fibrous plaques are smooth, 
elevated into the lumen, and grayish-white in color. Within the intima they have a 
dense, fibrous, superficial cap made of smooth muscle cells and labundent 
collagen, elastin, and proteoglycans that are synthesized by smooth muscle cells. 
Underneath the cap lies a lipid-rich core, which also contains cholesterol crystals, 
foam cells, and cellular debris (Nerem,1992: Campbell and Campbell, 1989). 
I.B.4 Complicated Plaques 
Complicated plaques (Figure 1.4) are often associated with occlusion 
(greater than 80% stenosis) of the arteries. They develop later in life from fibrous 
plaques which have been changed as a result of one or more of three processes; 
- hemorrhage, originally from the vaso vasorum, that extends into the plaque 
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- cell necrosis, softening and ulceration, which may lead to formation of an 
overlying thrombus and spillage of plaque material into the lumen, and 
- calcification, which is a primary characteristic of this type of lesion (Ross 
and G lomset, 1976a; Ferrans, 1980). 
Figure 1.4 Complicated Plaque. Plaque in a human coronary artery. It consists of 
fibrous connective tissue, lipids (clear areas), and calcium deposits (CD). 
(Ferrans, 1980,page 146) 
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I.C Causes of Smooth Muscle Cell Proliferation 
Although there is agreement that the proliferation of smooth muscle cells in 
diffuse intimal thickenings is the earliest stage of atherosclerosis, the cause of this 
proliferation is under debate and many different theories exist to explain this 
process. One theory is the monoclonal hypothesis, which proposes that each 
atheroma is created from a single progenitor smooth muscle cell (Ross and 
Glomset, 1976b). This implies that thickenings are basically tumorous in nature. 
Another theory proposes that macrophages, derived from blood borne monocytes, 
release enzymes into the media which are capable of causing a phenotypic 
change in smooth muscle cells from one that is basically contractile in nature to 
one that is synthetic, i.e. reproductive. The synthetic type proliferates 
logarithmically while the contractile type does not reproduce logarithmically. This 
type also greatly increases the amount of collagen produced and lipid stored over 
that done by the contractile type (Campbell and Campbell, 1989). 
However, both of these hypotheses and most others do not take the final 
step backwards and address the possibility that an outside agent is not required to 
initiate the smooth muscle cell proliferation. Perhaps, the same normally present 
stimulus of hemodynamics that causes intimal thickening to be restricted to certain 
locations may also be responsible for the smooth muscle cell proliferation itself. 
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II. HYPOTHESIS DEVELOPMENT 
As stated previously, atherosclerosis is now thought to be a result of a 
complicated interplay of not only biochemistry, genetics and environment but of 
mechanical forces also. The focus of this study is on the contribution of mechanical 
forces, acting on and within the arterial wall, to the proliferation of smooth muscle 
cells. 
II.A Review of Relevant Research 
A review of the background research that is relevant to the development of the 
hypothesis being tested in this study is presented. This step is necessary so that a 
common basis of understanding is present and to support the hypothesis 
presented at the end of this chapter. The research of interest falls into five areas: 
• hemodynamics, vibration, and intimal thickenings, 
• stress effects of hemodynamics on the arterial wall, 
• wall modeling, 
• effects of cyclic stretch on cell growth rates, and 
• vibration effects on the arterial wall. 
These summaries are then incorporated into some conclusions and a statement of 
hypothesis for this study. 
II.A.1 Hemodynamics, Vibration, and Intimal Thicl<enings 
Atherosclerosis is a cascade of events, and the role of fluid dynamics in the 
localization of early atherosclerotic lesions and in the etiology of more advanced 
stages of the disease has been a source of debate for many years. Almost every 
type of hemodynamic phenomenon has been proposed as a causative mechanism 
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at one time or another. Current thinking centers around disturbed flow (i.e. flow that 
is complex yet completely regular) as being most closely identified with localization 
of sites and development of atherosclerotic plaque (Figure 2.1). 
Many researchers have shown through models and laboratory studies that 
the locations of these regions of disturbed flow coincide with the preferential 
occurrence of intimal wall thickenings (Karino et al.,1988) and early lesions. 
Various aspects of complex flow such as vortices and stagnation points (Karino 
and Goldsmith, 1983; Liepsch and Zimmer,1983: Naumann and Schmid-
Schonbein,1983), rapid changes in shear stress (Nerem and Levesque,1983), and 
turbulence (Stehbens,1979: Stehbens,1983) have been proposed as the causative 
mechanism. However, few of these theories provide an adequate explanation for 
the initial proliferation of vascular smooth muscle cells at these sites. 
^ High Shear 
^ Region of Disturbed Flow 
(High Low Shear) 
Y Yelocily 
Figure 2.1 Schematic of Blood Flow Through an Artery with Identification of 
Disturbed Flow Regions. 
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Stehbens, 1990, states that the increase in cross sectional area of the parent 
vessel before an arterial division acts as a lateral or asymmetrical diffuser. This 
diffuser will thus allow boundary layer separation or disturbed flow to occur beyond 
the lateral angle. Since the diffuse intimal thickenings at arterial forks are the 
preferred sites for constant dietary induced lipid deposition, Stehbens concluded 
that not only are these thickenings sites of injury but that the injurious agent is 
constantly active, implicating hemodynamic stress. In 1958, Stehbens proposed 
that the result of this stress was fatigue of the vessel wall due to high frequency, low 
amplitude pressure oscillations associated with disturbed flow. High frequencies in 
physiological terms, where the basic heart rate is 1 Hz, refers to frequencies of tens 
to hundreds Hertz. Thus the degenerative and proliferative changes of 
atherosclerosis are a combination of fatigue failure and continuing reparative 
efforts of the arterial wall in response to cyclic mechanical stretching of that wall. 
There are in vivo experiments to substantiate this theory (Stehbens, 1990). 
However, such experiments fail to separate flow effects from strictly mechanical 
effects of vibration. It is possible that high frequency, low amplitude motion 
and/or cyclic stretching may trigger a response in the arterial wall such as the 
proliferation of vascular smooth muscle cells. 
Recently, an approach was developed to decompose pulsatile flows in terms 
of frequency content so that various aspects of the flow, including disturbed flow, 
can be separated out of the basic flow signal for analysis (Lieber,1990). One 
aspect of blood flow analyzed by use of this approach was post-stenotic flow, since 
this area is a common wall site for atherosclerotic development. Turbulence in this 
region (for 90% constriction) primarily consisted of broadband frequency 
components ranging from 7 to 100 Hz, with a single spike at -10 Hz caused by 
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large scale organized structures (vortices) in the turbulent flow. It is the 
mechanical, vibratory responses to such excitations, at frequencies greater than 
nominal 1 Hz rates, that this work investigated. 
II.A.2 Stress Effects of Hemodynamics on the Arterial Wall 
A great deal of research using both physical (Ku and Giddens,1987: 
Reneman et al.,1985) and mathematical models (Lieber,1990: Perktold and 
Peter,1991; Tsangaris and Drikakis,1989) has been done to obtain an accurate 
picture of flow conditions in arteries and the effects of flow on wall shear at the 
arterial wall. Considerable information has been published on flow-induced wall 
shear. Recent researchers have included pulsatile effects in their flow models 
rather than assuming steady laminar flow. One such model reported velocity and 
wall shear fluctuations in disturbed regions along the outer walls of the daughter 
vessels of the carotid bifurcation of 30 to -16 cm/s and -13 to 6 dyne/cm. These 
numbers at their positive maximum are not only 2 to 8 times smaller than those 
found along the inner walls (60 to 25 cm/s and 17 to 50 dyne/cm) (Ku and 
Giddens,1987), but they are also negative during a portion of diastole. This Is 
indicative of reversed flow along the outer walls during the same time period when 
the inner wall values always remain positive showing no reversal of flow. This 
information demonstrates the wide range of wall shear stress that the arterial wall 
can experience in these regions. 
Additional work provides a model of stress concentrations within the arterial 
wall itself, opposed to the rates of change of these types of stresses, which are the 
stresses of concern in this study. One such model showed a significant increase in 
wall stress concentration levels (3 to 4 times greater at the inner surface of the 
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branch of the bovine coronary artery than in the straight segment) in areas 
classically identified with atherosclerosis (Thubrikar et al.,1990). 
Early work by Fry (1981,1987) showed that arterial wall stretch affected the 
transvascular transport process, which Fry associates with atherogenesis. Other 
researchers, looking to expand upon this work, have examined the effect of 
increasing transmural pressure on the incremental modulus, Ejnc- (Figure 2.2) and 
the stresses within the wall. At 100 mmHg, normal values for Ejnc in the 
circumferential direction are 13 x 10® dyne/cm2 and 10x10® dyne/cm^ in the 
longitudinal direction. 
a 
F = An. 
inc Ae 
e 
Figure 2.2 Einc for an Artery 
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This study showed that doubling of normal transmural pressure of 120/80 mmHg, 
such as might happen with hypertensive subjects, produces a marked increase in 
incremental modulus (wall stiffness) and arterial wall stress (Brant et al.,1988). 
Thus, it can be seen that hemodynamics in the disturbed flow regions can act to not 
only stress the artery wall beyond normal levels but also to change the mechanical 
properties of the wall. 
II.A.3 Wail Modeling 
The arterial wall may be modeled by using mathematical, computer (finite 
element) or physical models. Physical models are usually made from elastic tubes 
that closely match the mechanical properties of arteries. Many older experimental 
studies used rigid tubes fabricated from glass or plastics. 
In general, mathematical models are based on linear elasticity theories and 
can range from simple homogeneous, thin-walled cylinders to anisotropic thick-
walled cylinders. One such computer model that attempted to match data from real 
arteries resulted in a fifth order system to describe the frequency response of 
human arteries between 0.02 and 200 Hz (Papageorgiou and Jones, 1988). The 
later section covering the wall model generated for this study will make further 
references to other models. 
II.A.4 Effects of Cyclic Stretching on Cell Growth Rates 
Normal cell culturing is generally performed in static environments. 
However, this is not the true state in which arterial cells are normally found. Little 
attention has been given to cell growth in vibratory or mechanically active 
environments similar to those in which they exist in the body. 
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Some work has been done to examine the effect of low frequency, high 
amplitude cyclic stretching on both endothelial and smooth muscle cells. It 
has been shown for endothelial cells that cyclic mechanical loading (stretching) at 
"low frequencies" (below pulsatile to pulsatile response rates of 0.05 - 1 Hz) with 
large deformations (up to 24% elongation) acts to increase growth rates by factors 
of 1.7 (Sumpio et al.,1987a) and 3.2 (Sumpio et al.,1987b). Moreover, this cyclic 
loading may also affect the synthesis of such substances as prostacyclin (PGI2), an 
inhibitor of platelet aggregation (Upchurch et al.,1989; Sumpio and Banes,1988a). 
Cellular morphology was also altered from a rounded shape when cells were 
cultured statically to a polygonal shape with pseudopods when cells were 
subjected to 24% elongation at 0.05 Hz. Actin fibers in dynamically cultured cells 
were also found to be aligned, presumably for stress relief (Sumpio et al., 1988a). 
The effects reported in the literature of a mechanically active environment on 
vascular smooth muscle cells are not totally consistent. Researchers agree that 
there is an increase in synthesis of proteins like collagen in the presence of low 
frequency (0.05 -1 Hz) stretching (Leung et al.,1977: Sottiurai,et.al.,1983: Sumpio 
et al., 1988b), which is consistent with a 4 to 6 fold increase in rough endoplasmic 
reticulum (Buck, 1983). In addition, the long axes of these cells were aligned with 
the direction of stretch (Buck, 1983; Sumpio and Banes, 1988b). However, there is 
disagreement as to the effects of amplitude and frequency of stretching on growth 
rates. Sumpio and Banes,1988b, showed an initial decrease in growth rates with a 
return to unstretched rates after 3 days of a 24% stretch at 0.05 Hz. On the other 
hand, Leung et al., 1977, found no difference in growth rates for unstretched cells 
and cells subjected to a 10% stretch at 1 Hz. This disagreement may be due to 
differences in loading frequency and amplitude, substrates, degree of confluence 
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of seeded cells, or a combination of the above. In all of the cases cited above, the 
frequency being used was low with large amplitudes of stretch. 
li.A.5 Vibration Effects on the Arterial Wall 
Much less work is available concerning vibration and the arterial wall. 
Researchers have shown that arteries have their own characteristic natural 
frequencies, which in humans normally increase with age from 100 Hz at ages in 
the mid-thirties to over 200 Hz at ages over 60 years. 
Early research into wall vibrations in post-stenotic regions showed peak 
amplitudes at resonances of -130 Hz for excised human and canine arteries with 
constrictions from 37% to 63%. It has also been shown that arteries will respond to 
imposed vibration near that of their natural frequencies during test situations with 
dilation similar to that seen in vivo with post-stenotic vibration and dilation 
(Foreman and Hutchison, 1970; Boughner and Roach,1971). 
Another set of long term studies subjected rats to localized vibration on the 
hind leg (Okada et al.,1987). Both amplitude (1.38mm) and frequencies (30, 60, 
480 Hz) were high. Multiple effects on the wall of the femoral artery were reported: 
erupted elastic laminae, collagen and elastin formation, and smooth muscle cell 
proliferation. 
To gain an understanding of why pure vibration could elicit a response at the 
cellular level, let us reason by analogy. It is known that the internal organs of the 
body can be damaged when the whole body is subjected to vibratory motion. This 
damage is not due to the rigid body motion of the body itself. Problems arise 
because the viscera and the enclosing skeletal system do not move with the same 
motions when the whole body is vibrated. It is this relative or different motion of the 
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viscera and the supporting skeletal structure that causes the internal injury. 
In the same fashion as a whole body, smooth muscle cells have their own 
cytoskeletal structure made up of intermediate filaments. In addition, the contractile 
myofilaments and their attachment points to the cell membrane and each other 
form a lattice like network. Thus, the system of internal structures, such as the 
nucleus, golgi complex, etc...., moving with a different motion than the surrounding 
cytoskeletal structure is repeated. Such relative motion would place abnormal 
stresses on the cell structures. In addition, since the myofilaments are attached to 
the cell membrane itself, their relative motion may cause different localized 
stretching of the membrane itself. Again, the body's normal response to repeated 
stress is proliferation. It is therefore reasonable to assume that there may be a 
cellular response to prevent damage due to vibration induced fatigue of the cell 
itself. 
It is also resonable to assume that the disturbed flow regions, with their 
broader frequency content, will experience greater levels of fatigue due to 
increased inertial effects. The normal response motion of a mechanical system 
increases as the frequency of the exciting force approaches the natural frequency 
of the system itself (co-xon)- This implies that arterial wall motion should increase 
as the frequency content of the flow field which is exerting time varying forces on 
the interior of the wall approaches the natural frequency of the arterial wall. 




There are several conclusions that can be drawn from the research cited 
above. These conclusions are that hemodynamics act to 
- localize sites of atherosclerosis in disturbed flow regions, 
- create mechanical stresses on the surface and within the arterial 
wall, and 
- produce stretching and/or vibration of the wall itself in response to 
the fluid loading on the wall. 
As a result of the wall motion induced by fluid dynamic loading, it can also 
be concluded that cells within the arterial wall respond 
- to low frequency, high amplitude cyclic stretching with possible 
changes in growth rates and product production and 
- to high frequency, high amplitude vibration with proliferation and 
product formation. 
II.C Statement of Hypothesis 
The hypothesis is proposed that high frequency, low amplitude vibratory 
environments do elicit a proliferative response in vascular smooth muscle cells 
without the introduction of outside agents such as biochemicals derived from 
endothelial cells or blood borne particles. Research done in this study provides 
some clarification of discrepancies observed in results of previous tests and 
expands the understanding of frequency and amplitude interaction with smooth 
muscle cell growth rates. This was done by culturing vascular smooth muscle cells 
in high frequency, small amplitude growth environments similar to those found in 
regions of disturbed flow, which are coincident with intimal thickenings, the earliest 
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Stage of atherosclerosis. 
This investigation evaluated the effect of fatigue on growth rates of vascular, 
smooth muscle cells. It Involved; 
- developing a linearly elastic model of the arterial wall to gain an 
understanding of the stresses and strains (i.e., loading and 
deformation) seen within the wall due to wall motion caused by 
pressure loads on the wall, 
- determining the appropriate frequencies and amplitudes of vibration, 
and designing and evaluating a shaker platform and system capable 
of subjecting cells to these environments, 
- developing techniques to isolate, culture, identify, and quantify 
vascular smooth muscle cells, 
- submitting vascular, smooth muscle cells to the dynamic regimes 
using the specially designed shaker platform cell, and evaluating 
growth rates at these conditions, and 
- analyzing data for the impact of dynamic environment on growth 
rates. 
This study has determined the relationship exists between these dynamic 
environments and the growth rates of vascular, smooth muscle cells. 
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III. DEVELOPMENT OF A MODEL OF ARTERIAL WALL MOTION 
An analytical model has been developed that combines the effects of 
external and internal forces on a compliant cylinder into a forced-response 
dynamic system model of the resulting radial motion of the cylinder wail. Solution 
of this model would characterize the dynamic environment experienced by cells 
growing within the wall at sites of predilection for the onset of atherosclerosis by 
determining the amplitudes and frequencies of wall motion at these sites. As will 
be shown later in this chapter, a closed form solution of the resulting model would 
be extremely difficult to determine. Thus, in this study the model will be used 
instead to gain an understanding of the loads and resulting stresses, strains and 
displacements to be found within the arterial wall under the conditions of interest. 
In addition, the relationship between the model and measured natural frequencies 
will be examined. 
The wall of an artery may be modeled in a simplified fashion as a 
distensible, axisymmetric, curvilinearly-isotropic, straight, semi-infinite, thin-walled 
cylinder in bending with a circular cross-sectional area. The thin-wailed 
assumption is used even though wall thickness can be up to 20% of the cylinders 
diameter. This assumption Is retained because the radial variations in the forces 
and moments in the wall are assumed to be negligible when compared with axial 
and circumferential variations. The development of this elasticity model is based 
upon classic theory as presented by Flugge (1973). Evaluation of the force 
balance is presented first. This is followed by the translation of the forces used in 
the balance equations to terms of displacement of the wall via the stress resultants 
of the wall. Finally, the resulting equations of motion are presented and evaluated. 
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III.A Force Balance 
III.A.1 General Cylindrical Model 
The first step of the modeling process requires that a force balance on a 
differential element of the cylinder wall be established. Figures 3.1 and 3.2 
present all the theoretically possible forces and moments to be found in thin 
cylindrical shells in bending. No changes with respect to the R direction are 
considered since this is a thin shell model. 
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Figure 3.2 Possible Moments in a Thin Cylindrical Shell in Bending 
These forces and moments have to satisfy six conditions of equilibrium: 3 related 
to the forces and 3 related to the moments. The resulting balances or equations of 
equilibrium are presented below in a simplified form (per Flugge,1973). 
FORCES 
Z Direction: T^ + T*2 + RF^ =0 (3.1 .a) 
R Direction: +^^0+Tgg-RF^ =0 (3.1.b) 
9 Direction: "'^ee + "''ze ~ "^^br += 0 (3.1.c) 
MOMENTS 
About Z: '^66 + ^ 20 - RTgp = 0 (3.1.d) 
About R: • R''"ze =0 ez ' '""ez (3.1.e) 
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About 6: *^22 - 0 (3.1 .f) 
Where Z represents the axis extending longitudinally down the cylinder, R 
represents the axis extending radially outward from the center of the cylinder, and 0 
represents position in the circumferential direction about the cylinder. R by Itself 
stands for the unstressed midplane radius of the cylinder. For a differential 
element, T and M represent the force and moment per unit length. Partial changes 
in these forces and moments with respect to partial changes in the 8 and Z 
directions are represented by 
( and ( )' = R^. 
It is possible to eliminate the transverse TZR and T0R sheair forces from the 
expressions for force balance in the R and 0 direction by substitution from the 




Substitution of these two expressions into the force equations results in a 
reduced system of 4 equations that describe the general cylindrical model. 
Force balance in the Z direction: + Tq^ + RFz = 0 (3.3.a) 
Force balance in the R direction: '^ez + ^ zz + R^ee - R^Fr = 0 (3.3.b) 
Force balance in the 0 direction: '^^ze - Mee - + R^Fq = 0 (3.3.c) 
Moment about R: '^"'"ze ~R"'"0z + = 0 (3.3.d) 
III.A.2 Arterial Model 
Having established the general equilibrium equations for a cylinder in 
bending, it is now appropriate to apply the specific structure of the arterial wall to 
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the model. First, a brief discussion on each of the six possible internal stresses 
resulting from forces in the system is presented. The list presented below was 
developed from one presented by Patel and Vaishnav,1980. S refers to the stress 
associated with each force T as shown previously in Figure 3.1. 
III.A.2.a Sources of Internal Stresses in an Arterial Segment 
- Szz is the axial stress (usually tensile) caused by longitudinal pull on the vessel 
ends due to intravascular pressure and other longitudinal forces. This term varies 
with Z in most arterial wall models. 
- See is the circumferential or hoop stress (usually tensile) due to intravascular 
pressure. Most models assume this term is constant about the circumference 
(Tee'dG = 0) due to axisymmetric flow assumptions. However, in this model, flow is 
not assumed to be axisymmetric and the Tee*de term must be retained. 
- SzR is the shear force due to longitudinal flow. This varies with Z in most models. 
- Sze and Sez would be shear stresses which would arise if one end of the vessel 
were fixed and a twisting moment was applied to the other end. That situation Is 
not applicable in this instance. 
- SeR is the shear stress which would arise if either the internal or external surface 
were held fixed and a circumferential force were applied to the opposite surface, 
thus causing a radial force gradient. This situation would not normally occur in 
most thin shell axisymmetric flow models. However, this stress must be accounted 
for in the model used in this study since this model assumes that a local pressure 
field exists which varies with 0 and therefore, generates a radial force gradient. 
Figure 3.3 presents the traditional force diagram used by many models of an 
arterial wall (such as Kuchar and Ostrach,1966; Schwerdt and Constantinesco, 
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1976; Patel,1980) which include bending. Many of the earliest models ignored this 
factor. Thus, the TzR term was not present. Per the discussion above, variations in 
the Z direction dominate with no variations in the 0 direction. This is in accordance 
with an axisymmetric model with a primary focus on pulse wave effects. 
The internal stresses caused by initial deformation of the tube wall and 
additional deformations due to wall movement are balanced by external forces in 
the Z, R, and 0 directions: Fz, Fr, and F0. 
' Z R A  
'^ZZ'^^ZZ # 
^ZR"*"'^ZR^ 
Figure 3.3 Reduced Force Model for Pulsatile Axisymmetric 
Flow within the Cylinder 
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III.A.2.b Possible Sources of External Forces on an Arterial Segment 
Included in all the referenced models are inertial forces (mass*acceleration) 
of the wall in all 3 directions - Z, R, 0. This term is expressed as 
) 
(3.4) 
where = density of the wall material, 
h s thickness of the wall, and 
dH ) 
= acceleration of the wall in the specific direction. 
Each of the 3 directions also has forces associated with that direction only. 
Z Direction 
External forces in the longitudinal direction arise from 2 or 3 sources, 
depending on the model used. In addition to inertia, all the referenced models 
account for the shear stresses exerted on the inner surface of the wall by the action 
of the underlying pulsatile flow (drag forces). Some models (Kuchar,1966:Patel, 
1980) also include constraining forces on the outside of the vessel wall due to 
tethering of the vessel by muscular attachments. In equation form, these three 
external sources would sum, in the order discussed, to be equal to 
'3u 3w 




where ^ s displacement in the Z direction, 
|i = viscosity of blood, 
R s unstressed radius of the cylinder, 
h = wall thickness, 
u,w s fluid velocity components in the Z and R direction, and 
Ftether = restraining force due to tethering (see Kuchar and Ostrach,1966 
for the complete expression). 
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The expression containing u and w would be for axisymmetric flow only. 
R DIRECTION 
In addition to the inertia force, there are two other forces present in the radial 
direction. Both are due to the intravascular pressure associated with the pulsatile 
blood flow. This pressure includes not only the static pressure, Ps, due to the 
pulsatile flow over and above any initial vascular pressure, but viscous losses as a 
result of flow as well (Kuchar and Ostrach,1966). The equation to represent the 
summation of these three forces would be 
^3w F„ = -P.h|?+Ps(t)-2)X 
3r 
'="-5 (3.6) 
where rj = displacement in the R direction 
Another approach to representing the radial force due to the intravascular 
pressure would be to obtain dynamic pressure measurements from either an 
appropriate bench top model or from animal subjects such as canines. This 
measured pressure could then be used as a forcing function in the equations of 
motion. If this approach were followed, external forces would be dynamic pressure, 
P(t), and inertia only; 
,3.7) 
9 DIRECTION 
Most models do not consider forces in the 0 direction since they neglect 
displacements in this direction. However, due to the non-symmetric nature of the 
pressure loading in this model, displacements and thus the inertial forces opposing 
them must be accounted for in the model. In equation form, this expression would 
be 
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where (|) = displacement in the 6 direction. 
III.A.2.C Combination of External and Internal Forces on an Arterial Segment 
Eliminating the appropriate internal stresses for a full 3-dimensional arterial 
model as discussed in Section ll.A.2.a, and then combining these expressions with 
those for the appropriate external forces results in a system of equations for a non 
reduced model. This model is one in which variations in all three directions, 
including Z, are taken into account. (Initial stresses are ignored for now.) 
Force Balance - Z Direction 
Tz 2 + RF2 =0 (3.9.a) 
T^+R{-p^h-^-|i ^ +F,„^r} = 0 3u 9w' 
3r ^ 32 {3.9.b) 
Force Balance - R Direction 
m ; ; + M ^ ; + + R T e e  -  R % = O  0 1  o . a )  
MS + Mi; + + M!i + RT„ - R (^P(t) - = 0  ^  ^
Force Balance - 9 Direction 
RTgQ — M9Q — M20 + R Fg = 0 (3.11 .a) 
-M^e -M'ze +R'[-po>h^] = 0 
at' (3.11.b) 
Moment - About R 
'^ez=0 (3.12) 
These equations form a complete system for the circular cylindrical model. It 
would be possible to complete the transition to equations for displacement in the Z, 
R, and 0 directions by substituting the expressions for forces and moments as 
functions of displacements of the system. Thus, we would arrive at the equations of 
motion in all three directions. However, since this study is concerned solely with 
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motion in the radial direction as a result of a pressure load applied radially in a 
non-axisymmetric fashion, it is appropriate to concentrate upon a reduced model. 
Based on the assumption that the local disturbed flow regions of interest will 
add mainly a radial and not a longitudinal displacement, all variation in the Z 
^ )_ n 
direction is neglected, az Thus variations due to the pulse wave traveling 
down the artery are neglected. The situation is treated as a semi-infinite cylinder 
with an internal pressure field that varies as a function of time (t) and 
circumferential position (0), extending down the length (Z axis) of the tube (Figure 
3.4). This simplification is justified if it is assumed that the dynamic pressure field of 
interest extends down the length of the infinite cylinder between 01 and 02- The 
amplitude and frequency content of this pressure field need to be determined 
experimentally. 
Z  -
Figure 3.4 Semi-infinite Cylinder with non-axisymmetric Pressure Field 
A final point to consider is initial stress in the artery. Since it is desired to 
understand displacements from the initially stressed state, the effect of initial stress 
must be included in the model. In this situation, this stress would manifest itself in 
the form of an initial hoop stress due to pre-existing vascular pressure: 
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The expression for initial stress would be 
Tea =PoR (3.13) 
"0 
where R = unstressed radius to midwall position and 
Po = initial vascular pressure. 
This prestress must be subtracted from the overall hoop stress (Tee) present in the 
force balance for the R direction. 
It is now possible to generate the system of equations which represent this 
specialized reduced model. 
Force Balance - Z Direction 
(3.14.a) 
Force Balance - R Direction 
M« + R(T«, - P^) - {P(t) - p.h|^) = 0 (3.14.b) 
dt 
Force Balance - 0 Direction 
RT^e - M^e+RVpa.h^] = 0 
ee 96 L Ko, (3.14.C) 
Moment - About R 
•^62=0 (3.14.d) 
At this point, a final view of the force balance diagram is presented in Fig. 3.5. 
III.B Inner Wall Stress Resultants 
The first part of this chapter focused on the forces causing stresses and 
strains within the walls of an artery. Expressions will now be developed for the 
normal tension force acting in the 0 direction, Tee, and the normal bending 
moment (torque) acting about the Z axis, Mee. Tee and Mee need to be expressed 
in terms of displacements of a plane surface through the cylinder. This is done 
based on elasticity theory for circular cylindrical shell in bending, as presented by 
35 
R 
• iO ( ) = 
ae 
0 0 +  ' 0 0  
Figure 3.5 Resultant Simplified Force Model 
Fiugge,1973, where 
^(r) = displacement along the Z axis, positive in the direction of increasing Z, 
T|(r) = displacement along the r axis, positive outward, and 
<l)(r) = displacement along the 6 axis, positive in the direction of increasing 6. 
To facilitate understanding of the final expressions, some background material from 
elasticity theory is presented, including: 
• geometry of a circular cylindrical shell element, 
• equations relating forces acting in the planes to stresses. 
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• assumptions for deformation of thin circular cylindrical shells in bending, 
• definitions of displacement terms, 
• strains (deformations) in terms of displacements, 
• application of Hooke's law for a curvilineariy isotropic material to obtain 
stress expressions, and 
• finally, substitution of these stresses into the equations from the second point 
listed above to obtain expressions forTee and Mee. 
In turn, these equations can then be substituted into the system equations to obtain 
the equations of motion for this model. 
III.B.I Geometry of a Cylindrical Model 
Proper definition of stress within the cylinder wall begins with the geometry 
of the cylinder. Figure 3.6 presents a cylindrical shell element (based on Flugge, 
1973; Schwerdt and Constantinesco, 1976). 
Referring to this figure, for a given d0, the line element, Ir, in the direction of 0 
can be defined as 
Ir = dl9^ 
R (3.15) 
where r = distance of the line element from the middle surface of the 
tube, 
Ir = length of a line element at r in the direction of 0, 
die = line element of the middle surface in the direction of 0, and 
R s average radius of the tube. 
Thus, the surface element which is perpendicular to the Z axis may be defined as 
(3.16.a) 
dS9=dle5^dr 




Figure 3.6 Cylindrical Shell Element 
where dr s differential height of the surface elements. 
Finally, the surface area perpendicular to the 0 axis may be defined as 
dSz = dl^dr 
where diz = line element in the direction of Z. 
38 
III.B.2 Forces and Stresses in the Arterial Cylindrical Model 
In the current thin shell model, bending stiffness will be considered, thus it is 
assumed that the stress distribution across the wall thickness is not uniform. 
Forces acting in z = constant and 0 = constant planes are defined by the 
product of the stresses (CT) acting on the surface and the surface elements (ds). The 
total force for the element area is obtained by integrating between the limits (-h/2) 
and (h/2). 
I 
For Tee: Tegdl^ = jo9e(r)dSz (3.18.a) 
T6edlz = jCTee('')dlzdr (3.18.b) 
Eliminate diz and obtain 
I 
Tee =/(^eeCOdr (3.18.C) 
-h T 
Torques are determined in a similar fashion. When stresses are not 
distributed uniformly across the thickness, h, of the wall, some of them will have 
moments with respect to the midplane of the section. These moments effect the 
equilibrium of the shell element and must be considered in the model. 
For Mee: Mg^dlz =-Jcye9(r)rdSz (3.19.a) 
§ 
Meediz = - j ae9(r)rdlzdr (3.19.b) 
f 
Eliminate dIz to obtain 
h 1 
Mee=-J<5ee(r)rdr (3.19.C) 
The negative sign is a convention such that a positive torque creates a traction 
force at the inner surface of the tube. 
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ill.B.3 Basic Assumptions for Deformation in Circular Cylindrical 
Shells 
The stress Ceelr) is related to deformations in the plane parallel to the middle 
surface of the cylinder. Deformation of the cylinder may be described in terms of 
the three components of displacement ^(r), Ti(r ), and (|)(r) of an arbitrary point 
located at a distance r from the mid plane, which itself is located at R. The 
determination of ^(r), ri(r ), and (t)(r) in terms of Z, R, and 6 becomes a shell problem 
when three basic assumptions (Flugge,1973) derived from the theories of 
structures are applied. 
1) Any point on a normal to the middle surface before deformation, remains 
on that normal after deformation. 
2) The distance r of any point from the mid plane is unaffected by the 
deformation of the cylinder, and any stress in the R direction is negligible 
when compared with those in the Z and 0 direction. 
3) All displacements of the wall are small compared with the mean tube 
radius. 
Each of these assumptions carries its own implication. 
1) Any deformation due to transverse shears may be neglected. 
2) Any stress or strain that occurs in the R direction may be neglected. 
3) The first derivatives of the displacements are negligible when compared 
to one and may be dropped. 
III.B.4 Definition of Displacement Terms for Circular Cylindrical Shells 
Application of the three assumptions given above establishes the kinematic 
relationships of the cylindrical shell. The three equations for the components of 
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displacement of an arbitrary point located at a distance r from the middle surface 
are derived by and obtained from Flugge,1973. These expressions are 
«!•) = ;-^11' (3.20) 
n(r) = Tl (3.21) 
X/- \ r + R ^ r . 
<t>(r) = -^<l'-p^ (3.22) 
III.B.5 Strains (Deformations) for Circular Cylindrical Shells in Terms 
of Displacement 
The next step is to determine the strains associated with any particular point 
in the shell. These strains describe the deformation of an element on the 
cylindrical surface passing through that point. From assumption (2), eRR(r) is small 
and can be neglected. Let ezzCO. See(r), and Yz9(r) denote the remaining required 
strains, A complete development of these equations may be found in Fliigge, 
1973. A brief discussion of physically what each strain represents and the final 
form of its equation will be presented. 
£zz(r) represents the stretching of the straight line element, diz, caused by 
the difference between the displacements ^ and C + Udlz of each of its ends. 
= (3.23) 
£00(r) represents the elongation of the line element, die. This is the hoop 
strain in the cylinder. 
e«(r) = ^ [(|>- + tl] (3.24) 
7ze(r) represents the shear strain in the cylinder due to the sum of the 
rotations of the two line elements dIz and die. 
41 
,, C* r + R^, -n" 
YzeCO r + r2 p 
r r 
•+ •  
,R r+R 
(3.25) 
III.B.6 Application of Hooke's Law for Arterial Cylindrical Model 
Current practice in modeling of the arterial wall is to assume that the wall Is a 
curvilinearly orthotropic material. This means that one set of values for Young's 
Modulus (the Modulus of Elasticity) and Poisson's Ratio are assumed for the 
longitudinal direction and another for the circumferential direction: (Ez, vz) and 
(Ee.De), respectively. In addition, these moduli are considered to be incremental, 
i.e. their values change depending upon the transmural pressure present in the 
artery. For this curvilinearly orthotropic material, the stress-strain relationships as 
defined by Hooke's Law become 
£22 = -DzCTge) (3.26) 
^ee ~ 17(^80 ~ ^ e^zz) (3-27) 
(3-28) 
If the symmetry condition of -u^Eg = VgE^ is applied, Eqns. 3.25 and 3.26 become 
^ZZ ~ E^^ZZ ~ 17^66 (3.29) 
^ee ~ "if"®zz "^17^69 (3.30) 
Upon inverting, the three stress-strain equations become 
Ozz=——ezz+T^^^Eee  (3 -31 )  
1 1 '^z^e 
(3-32) 
1 'Wz'Ug 1 
CT2Q=GYZ9 (3.33) 
Now that expressions for the stresses in terms of strains have been 
determined, the equations for strains in terms of displacements, Eqns. 3.23 - 3.25 
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R Rr + R r + R 
V.ijii+j. 
R Rr + R r+R 
<yze(r) = G C* r + R^, ^ " f r  




The second of these terms, cy0e(r), is the expression needed for substitution 
into the integrals determined for Tee and Mee in III.B.2, Eqns. 3.18.0 and 3.19.C. 
III.B.7 Evaluation of Force and Moment Expressions in Terms of 
Displacement 
Recall that 
Tee = j<7ee('')dr 
4i 
(3.18.C) 
Upon substitution of Eqn. 3.35 into Eqn. 3.18.C, the integral for Tee can be 
evaluated as 
T =. ^ 
'  ee R Rr+R r+R 
dr (3.37.a) 
T — EE 
'  ee ~ 
r 1 r 2 \ 
+-<])• 
R^ 
i-^log(Rr + R^)lil" + [log(r+R)]ii| 
(3.37.b) 
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T = ^ 
l-DzDe ee ~ M 1 ^ zl C 
(I).. 1(t)r' „V(t) 









-log fR^ + ^ R 
-tR 
11" + log 
V 
R + t 





The next step is to eliminate the log terms. This is accomplished by 
expanding the logs in powers of (h/R). Terms to the fifth and higher powers are 
dropped. An example is shown first to clarify what is subsequently done to the 
working equation. 
forx<1 (3.38) 
The same procedure is followed for the log terms in Eqn. 3.41 after dividing the 
numerator and the denominator by 2R. 
,3 








( 1 + -^ 
log^ 1_ji-
' 2R y 
= 11+ 
R 12R^ 
It is now possible to replace the original log terms with their expansions. 
"^68 ~ Rll-Dz-Ue) { ( f +  
-11 h-R h h' —+•  R 12R^ 




" R(i^^ {(f + UzC+n)h+(ri" + ii) 
A final expression for Tee is now presented. 




Where a = ^  and —r 
E' R(l-U,l)e) 
Next, the integral for Mee will be evaluated. Recall that 
Mee=-jaee(r)rdr (3.19.C) 
Upon substitution of Eqn. 3.35 into Eqn. 3.19.C, the integral for Mee can be 
evaluated as 
M = —® 
'*'ee iR^  Rr+R r+R  
rdr 
Me«=— 
1 - 'U^De 
f r r^ r r r r .. r 
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R' 




V, i ( t y  
ll^2 
2 R " 3 R' ' j 2 R 






2 R 3 R' •n 2 R 
<t)* 
^ ((f )R + R2)' - 2R' ((^)R + R2) + R'' log(R(f) + R') y\ 
-[(f)-Rlog((^)+R)]Ti}) 
M e e = — ^  
h-2h + Rlog 
12R'^ 
^  R^+ fR"  
vR ' - tR .  
T1 + h-Rlog R + t 





^ee ~ l-DzDe 
-•U7 
12R' •11 
2R +  h V  Tl + h-Rlog f2R + h" 
(3.40.f) 
A2R-h. 
As was required in the evaluation of the Tee integral, the log terms are 
expanded in powers of (h/R), with fifth and higher order terms dropped, as in 
Eqn.3.39.a and b. It is now possible to replace the original log terms with their 
expansions. 
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-E M = ^ 
'*'00 l-Vz^e 12R' 
•ri" 
. of h h® 
-h+R —+ -














E h Again, let a = ^  and E"" = ^ r , to obtain a final expression for Mee. 
E Rll-DzDe) 
M99=-^^hzn"+Tl" + Tl] (3.40.j) 
III.B.y.a Mechanical Interpretation 
It may be useful to give these formulas a mechanical interpretation. For the 
normal force Tee, the first part of the equation gives the normal force proportional 
to the sum of the corresponding strain and d times the other strain. This would be 
the contribution due to membrane theory alone. The second part of the equation 
reflects the changes in the normal force due to changes in radius of curvature from 
R to (R +T\) as all points undergo a radial displacement ri .The shell responds to this 
change in curvature with a bending moment because the same increase in length 
of all hoop fibers, 27rr|, produces different strains across the thickness of the shell 
(fibers on inside being shorter than those on the outside). This leads to a non­
uniform stress distribution and, hence, the bending moment Mee. 
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III.C Final Equations of Motion 
Having developed expressions for Tee and Mee in terms of displacements, it 
is now possible to join these terms with the force balance equations to obtain the 
final equations of motion. Solution of the system equations, Eqns 3.14.b and 
3.14.C, requires expressions for Tee. Tee*. Mee*. and Mee**- These partiais are 
developed below. Starting with Eqn. 3.37.h, repeated here as 3.41 .a, 
T„ =aE*(«^C- + f + il) + ^ (i1+il") (3.41.a) 
V  =  a E *  ( ( ] ) • • + + T 1 - )  ( 3 . 4 1 . b )  
Now proceed with Eqn. 3.40.j, repeated here as 3.42.a, 
+ 'I" +1] (3.42.8) 
(3.42.b) 
(3.42.0) 
Substitution of these expressions for Tee. Tee*. Mee*. and Mee** into the 
system equations determined from the force balances leads to the equations of 
motion given below. The terms involving and rj" have been dropped from the 
Tee and Mee equations per the assumption of negligible changes in the Z direction 
given earlier in this chapter. 
Force Balance - R Direction 
+ R(T„ - P.R) -R" {P(t) - p.h 1^) = 0 (3.14,b) 
^h""+n-]+R[aE*(f+n)+^(ii"+n) 




Drop third order and higher terms since they become vanishingly small. 
,2 A 
12R^ 
+aEW =R'P(t) + PoR' 
Divide through by R2 and rearrange. 
•2 aEV - .. c+of-i 
Pcoh •T1- + -
aE^ 
'""•'at^ 6R^ ' R 





RT:.-Mi,+R^[-p.h^l = 0 
R 
at" 
aP ( f+  n - )+^ ( t i -  +  i1 - )  
+U2 aE^h 
12R •(c+ii") + R [-p»h-^] = 0 
Drop third order and higher terms since they become vanishingly small. 




'CO-"312 - T .|2R • 12R 
Divide through by R2 and rearrange. 
^.3^(1) aEV.. aE^ . . 







Upon examination, it seems that it should be possible to obtain an 
expression for (j)' from Eqn. (3.44.c). This term could then be substituted in Eqn. 
(3.43.C) to obtain an equation of motion for ti which involves only ri and Its 0 
(space) and t (time) derivitives. A solution for this equation could then be found 
through use of separation of variable techniques. Efforts are underway to 
accomplish this task. 
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The other remaining problems are defining P(t), defining boundry conditions, 
and solving the equations above for the given boundries. As stated previously, P(t) 
can be determined experimentally and then used as the forcing function in Eqn 
3.43.C. It may be possible to obtain a first pass at boundary conditions for the R 
direction in terms of a restraining force on wall motion from literature values for 
normal changes in radius with pulse pressure. Boundry condtions in the 0 
direction could perhaps be derived from the tests used to determine P(t) in terms of 
the arc length through which the disturbed flow pressure field acts. 
Application of boundary conditions of the type discussed for the 0 direction 
to a closed form solution would be extremely difficult. It may be more time effective 
to use a finite element model of the arterial wall constrained to move only in the 
radial and circumferential directions. Literature values for arterial wall properties 
and dimensions, the experimentally determined radial pressure forcing function, 
and the boundry conditions as discussed previosly could be used in this model. 
Results from this model would include amplitudes and frequencies of vibrations of 
the wall, and information would be generated to aid in evaluation of stresses and 
strains within the wall. 
Ili.D Observations and Conclusions 
Even without obtaining a solution to the developed model, it is possible to 
make some interesting observations and draw some preliminary conclusions from 
this model. In particular, with regards to estimates of the natural frequency of a 
typical artery, if it is assumed for the sake of discussion that the equations can be 
uncoupled, it is possible to calculate a natural frequency of an artery from Eqn. 
3.43.C. Refer back to a nominal second order vibration equation 
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mx + cx+kx = Fsin(cot) (3.45) 
where m s mass 
c = coefficient of clamping 
k = coefficient of stiffness 
Fsin(cot) s forcing function of frequency co, and 
x,x, andx= displacement, velocity and acceleration. 
For this classic equation, natural frequency is determined as 
(3.46) 
If this approach is applied to the equation of motion for the R direction (Eqn. 
3.43.C), the expression for natural frequency is given by 
R I '^12R2 
Pcoh 
(3.47.a) 
Substitution of expressions for a and E+ gives 
1 
27IR 
I Ic 1H 5" Eq 12R' ® (3.47.b) 
Pco(1-'«z^e). 
where fo = 27ro)n. 
A little rearranging results in an equation whose form is identical to that for an 
infinite cylinder (Blevins,1986). 
I (3.47.C) f = — 
° 27tR'y where X, = -,1+-Po,(l-^zi>e) " r"l2R2 
Different types of conditions for these cylinders are described by Blevins simply by 
changing the defining equations for X. The closest in form to the A, above is that for 
the radial-circumferential flexure modes which is derived from inextensional theory. 
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Ti - I " 'V V 
Resonance of a purely extensional mode given in Blevins based on 
membrane theory is one in which ?i=1. Since h/R is typically between 0.20 and 
0.02 for muscular arteries, X for the radial-circumferential flexure mode will be 
much less than 1. Thus this model will predict a much lower natural frequency than 
will the extension mode. The model in developed in this study partakes of aspects 
of both modes. This is not unexpected since the initial assumptions behind the 
model are a combination of membrane theory (extension) and bending (flexure) 
effects. This evaluation serves to confirm that the approach used in this model has 
resulted in a reasonable model for a cylindrical shell. 
At this point, it is interesting to calculate the natural frequency values based 
on the two components of the expression for X found in Eqn. 3.47.c. For the sake 
of comparison with another model, numbers for arterial wall properties given in 
Cox, 1975 for 100 mmHg of vascular pressure will be used. 
The pure extension (membrane) model using X = 1 gives fo = 4778 Hz, and 
the softer radial-circumferential flexure model predicts a first mode resonance of 
625 Hz. The first number is an order of magnitude higher than any of those 
reported for experimentally determined natural frequencies using real arteries: 130 
and 290 Hz (Foreman and Hutchison, 1970), from less than 100 Hz to more than 
200 Hz (Boughner and Roach, 1971), and 200 to 230 Hz (Papageorgiou and 
Ee = 1.28 X 106 N/m2 , vq = 0.660, 
Ez = 0.98 X 106 N/m2 , vz = 0.499, 
E+ = 2.46 X 105 N/m2 , R = 0.00142 m, 
h = 0.00024 m, and p© = 1050 kg/m^. 
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Jones, 1988). Most reported values center around the 150 - 250 Hz range with the 
value increasing as the age of the subject increases. 
Interestingly, if the second portion of the X, expression found in Eqn. 3.47.C is 
h^ 
used, X = , a value of fo = 233 Hz is obtained. This value is well within the 
experimentally determined range. Both portions arise from the definition of hoop 
strain in the cylinder via the hoop stress and Hooke's law. Work is currently in 
progress that may validate dropping the "1" from the expression for X obtained from 
the model developed in this study. 
If the natural frequencies are determined for this model and another similar 
arterial wall model, the following value are obtained: 
• this model: 4784 Hz, 
• this model with revised X: 233 Hz 
• Kuchar and Ostrach (1966) : 4784 Hz 
- model is thin shell with bending (uses extension and bending), isotropic 
material, movement is assumed constrained in the Z direction due to 
tethering, and 
The implication of this information is that this model as it currently stands, as 
with others, over estimates the natural frequency of an artery. At this point, work is 
continuing on the model to resolve this problem. Another observation is that the 
natural frequency of an artery may be closely tied to hoop, i.e. circumferential, 
effects. Thus, the focus of this work on local 9 variable effects may be very 
pertinent when looking at the relationship between the mechanical/dynamic 
environment of arteries and a predisposition to the early stages of atherosclerosis. 
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IV. DESIGN AND EVALUATION OF VIBRATION TEST APPARATUS 
This chapter deals with the selection of the vibration test points , the design 
of a test stand and controlling electronics capable of subjecting vascular smooth 
muscle cells to the desired regimes, and evaluation of the system's performance. 
In addition, other issues, such as fluid motion of the medium and magnetic fields 
generated by the mechanical shaker, are addressed. 
IV.A Selection of Vibration Test Matrix 
As stated in Chapters I and II, the frequencies and amplitudes of interest in 
this study are relatively high and low respectively when compared with normal 
base pulse rate values. Since there is currently no in vitro or in vivo experimental 
data on the dynamic pressure field and the resulting wall motion which occurs in 
the region of interest, extrapolations had to be made from other measurements. 
IV.A.1 Frequency 
A set of four frequency bandwidths likely to be experienced within the 
vascular system was identified. The first is simply the static condition, or 0 Hz. The 
second is the normal physiologic pulse rate of 1 to 2 Hz. Next, consideration is 
given to the results of two studies which looked at the frequency content of post­
stenotic blood flow. Values for the frequencies with which coherent structures 
(vortices) form and impinge on the artery walls within these flow fields range from 6 
to 60 Hz (Lieber,1990: Lieber and Giddens,1990). These two studies currently 
provide the only information available on the frequency content of vortices found 
within the arterial system. Finally, the natural frequency of the artery wall itself is 
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considered. As mentioned previously in III.D, various researchers have evaluated 
human arteries and found their lowest natural frequencies to occur between 150 to 
250 Hz. 
This information provides four ranges of frequency bandwidths of interest in 
the arterial system; 0 Hz, 1 - 2 Hz, 6 - 60 Hz, and 150 - 250 Hz. It is now necessary 
to focus on what is really of concern in this study, the response of the outer walls of 
daughter vessels of arterial bifurcations to vortices within the flow fields adjacent to 
those walls. This focus requires that a priority be given to conforming to limits 
implied by the information on vortex frequencies in post-stenotic flow. Given this 
restriction, the following three frequencies were chosen for evaluation: 15 Hz, 30 
Hz, and 45 Hz. 
IV.A.2 Amplitude 
Selection of displacement amplitudes began with examining values 
reported for changes in arterial radius in response to the total pulse wave. 
Several researchers have measured the change in diameter of the carotid artery, a 
common site for the development of atherosclerosis, as the pulse wave passes 
through. Different groups of subjects have been used such as male, female, 
younger, and older. In order to look at as broad a spectrum as possible, an 
average of these changes in diameter is used to set a base point for the amplitudes 
of vibration used in this study. Normotensive subject data was selected since this 
study focused on the earliest stages of atherosclerosis, presumably before the 
onset of hypertension. The amplitude matrix was derived from Table 4.1 data. 
Using these data, the mean change in diameter is 0.4851 mm with a 
standard deviation of 0.123 mm. Thus, the mean change in radius would be 
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Table 4.1 Summary of Changes in Carotid Artery Diameter 
with Normal Changes in Pulse Pressure 
Reference Study Subject 
Characteristics 
Dave(rnm)a AD(mm)t> 
Reneman et al., younger 6.2 .595 
(1985) male 
II older male 6.4 .358 
Van Merode et al.. younger 6.4 .467 
(1988a) male 
II older male 6.5 .357 
Van Merode et al., male 6.4 .397 
(1988b) 
n female 6.4 .557 
Gamble et al.. male 6.4 .7 
(1994) 
Benetos et al.. male 7.0 .45 
(1993) 
^Average diameter of the artery over the pulse cycle. 
bOverall change in arterial diameter from maximum to minimum distention. 
0.243 mm. The change in radius, AR, is equivalent to the full range of motion of 
thearterial wall from its most constricted to its most expanded size, or (1/2)AR 
beyond a center point and (1/2)AR below a center point. Thus, the wall undergoes 
displacement of ± (1/2)AR mm about the mean radial position, or equivalently, it 
has a displacement amplitude of: 
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^AR =-^(0.243) mm = 0.122 mm (4.1) 
The case of interest here, however, is wall motion in response to the 
pressure field of the disturbed flow (vortex ) overlaying or in addition to the 
pressure changes associated with the normal pulse wave. Again, there is no 
information currently available on this particular aspect of arterial wall motion. 
Therefore, a reasonable number was determined based on the average amplitude 
given above. A maximum amplitude of 12 |xm, equal to 10% of the average radial 
displacement amplitude given in Eqn. 4.1, was selected. Working downward to 
obtain three equally spaced amplitudes (for ease of statistical analysis), the 
following three amplitudes were chosen for evaluation: 12 |im, 8 |im, and 4 |im. 
IV.A.3 Final Matrix 
The 3X3 test matrix selected results in 9 separate test points, each of which 
describes vibrations at particular frequency and amplitude Referring to basic 
vibration theory, the time varying displacement (in |im) of an object vibrating at a 
frequency co may be described by: 
x(t) = Xsin((ot) (4.2) 
where X = zero to peak (minimum or maximum) displacement of 
motion, nm 
0) = frequency of motion, rad/sec, and 
t = time, seconds. 
The velocity of the object (in fj,m/s) is obtained by taking the derivative of the motion 
with respect to time. 
x(t) = Xcocos((ot) (4.3) 
The acceleration of the object (in |im/s2) is obtained by taking the derivative of the 
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velocity with respect to time. 
x(t) = -Xo)^ sin(cot) (4.4) 
From this equation, the values for the maximum positive and negative 
accelerations that the object will experience occur when sin(cot) = -1 and 1. Thus 
|Xmaxl=X®' (4-5) 
Using Eqn. 4.5, it is quite simple to calculate the acceleration associated 
with each test point. This piece of information is vital since it sets one of the design 
objectives for the test stand. Table 4.2 presents the 9 test points. 
Table 4.2 Vibration Test Points 
Test Point Amplitude Frequency Frequency Acceleration Acceleration 
(^im) (Hz) (rad/s)S (m/s2) (g's)b 
1 12 45 282.7 0.9593 0.0979 
2 8 45 282.7 0.6396 0.653 
3 4 45 282.7 0.3198 0.0326 
4 12 30 188.5 0.4264 0.0435 
5 8 30 188.5 0.2842 0.0290 
6 4 30 188.5 0.1421 0.0145 
7 12 15 94.2 0.1066 0.0109 
8 8 15 94.2 0.0711 0.0073 
9 4 15 94.2 0.0355 0.0036 
a Convert from Hz to rad/sec by multiplying by Zn. 
b Convert from m/sec2 to g's by dividing by 9.8. 
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IV.B System Design 
Design of the vibration test stand involved optimizing the system to meet 
various performance requirements, environmental restrictions, equipment controls, 
and budget concerns. As is usually the case with construction of experimental 
setups, the process was an iterative one; however, the focus herein shall be on the 
final design of the core stand and its controlling electronics. 
IV.B.1 Performance Requirements for Core Vibration Stand 
There were three basic parts to the core vibration stand that were capable of 
being changed to achieve the experimental goals. 
• Supporting Plate - This was the interface plate between the shaker and the cell 
culture plate. 
• Shaker - A dynamic device that was capable of moving the supporting plate 
and anything attached to it in a precisely controlled fashion. 
• Vibration Isolation - A system of pads, stiffeners, etc. that prevented unwanted 
vibration from being transmitted to the core test stand or to the control culture 
plates. 
Each of these items and the interactions between them will now be discussed. 
IV.B.I.a Supporting Plate Design 
There were two major requirements that the supporting plate needed to 
meet. 
1) It had to have a large enough surface area to contain a single 8.5 cm x 
12.8 cm X 2.2 cm 96-well cell culture plate. 
2) Motion transmission through the supporting plate from the moving 
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element of the shaker to the cell culture plate had to be near unity, thus the 
supporting plate had to undergo rigid body motion at the experimental 
frequencies. 
These two requirements were interactive. Changing the dimensions (length, 
width, and depth) of the supporting plate would affect its natural frequencies and its 
mode shapes. If the frequency of shaker motion approached a natural frequency 
of the supporting plate, the vertical motion of the shaker would no longer be 
transmitted in a one-to-one fashion throughout the supporting plate. Rather, the 
plate itself would exhibit varied displacements at different locations in the plate 
depending upon which mode of the plate is excited. When this occurs, rigid body 
motion of the supporting plate is would not be maintained. Nonuniform excitation 
of the cell culture plate would result. 
This problem is understood by writing out the equation of motion for Figure 
4.1, where the sinusoidal shaker motion, y=Ysin(ci)t) is transmitted to the cell culture 
plate through the supporting plate. 
Application of Newton's second law to this figure leads to Eqn. 4.6: 
mx + cx + kx = cy + ky 
where m = effective mass of cell culture plate and supporting plate 
c = effective damping in supporting plate 
k = effective stiffness of supporting plate. 
The supporting plate acts effectively as both the spring and as the greater 
portion of the mass of the system (James et al.,1989). A further transformation can 
be done by dividing through the equation by m and rewriting the equation as 
x+2^a)„x + a)^x = 2^c0ny+0)^y (4.6) 
where 2^con = c/m, ^ is the dimensionless damping ratio and 
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Moving support 











Figure 4.1 Spring-Mass-Damper System with Moving Support 
Equated to Test System 
o)n^ = k/m. 
If it is assumed, not unreasonably, that damping in the supporting plate, is 
negligible, the forced response or steady-state solution to this equation is: 
... Ysincot -. 
x(t) = —7—^ (4.7) 
1- -
This equation was used to evaluate the effect of the shaker excitation 
frequency, co , on the transmission of motion from y to x (from the moving element of 
the shaker to the cell culture plate) as theoretical stiffness of the supporting plate 
interface was varied, thus modifying the system con- Figure 4.2 shows graphically 
how changes in (co/con) affect the desired 1:1 transmission of motion while Table 4.3 
presents this information numerically. 
From both the figure and table it becomes evident that for a given driving 
frequency, co, keeping the ratio (co/on) below 0.1 by increasing the natural 
frequency, con, of the system to 10 times or more than that of co would result in a 
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Figure 4.2 Plot of ttie Effect of (co/con) on Transmission of IVlotion 
Table 4.3 Effect of (co/con) on 




















transmission of motion witfiin 1% of unity. In this situation where the maximum 
driving frequency is 45 Hz, the minimum natural frequency of the supporting 
plate/cell culture plate system needed to be 450 Hz or more. It was reasonable to 
assume that the mass of the shaker plate would turn out to be much greater than 
that of the cell culture plate (in the final design, more than six times greater). Thus, 
only the mass of the shaker plate was considered in the remainder of the design 
process. 
There are three other effective springs in this system that have been ignored: 
the brass mounting stud used to attach the supporting plate to the shaker head, the 
plastic floor of the culture plate itself, and the press fit used to rigidly fix the cell 
culture plate to the supporting plate. However, the stiffness of the short, thick 
cylinder, the extremely small well floors, and the rigid mount were sufficiently 
greater than that of the plate to allow them to be ignored in the design process 
(James et al.,1989). 
In addition to frequency requirements, supporting plate surface size was set 
by other experimental constraints. In this case, the plate needed to support a 
single standard 96-well culture plate. As stated in requirement (1), the supporting 
plate must be a minimum of 12.8 cm x 8.5 cm in length and breadth with room for a 
reasonably sized edge to secure the 2.2 cm high cell culture plate to the supporting 
plate. For milling purposes, the final surface dimensions of 14.0 cm x 9.5 cm were 
selected for the rectangular plate. The height of the plate was selected to satisfy 
the minimum frequency requirement for rigid body motion. 
Using the minimum natural frequency for the supporting plate with the 
minimum plate length and width requirements, the design of the supporting plate 
was completed by using the appropriate equation from Blevins (1986) to determine 
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the type of material and final dimensions needed to achieve the design goals. The 
case cloest to the one used in this stand design is that for a square with four pinned 
supports, where the distance between supports has been reduced to zero. 
Although the plate used for this study was not square, by using the longest 
dimension for the rectangular plate as equivalent to the side of a square, a 
conservative estimate of the remaining dimension, thickness of the plate, was 
obtained. (Conservative in this instance means specifying a thickness greater than 
needed resulting in a higher than needed frequency.) In addition, this allowed 
some leeway for milling of the plate to provide a secure embrasure for the culture 
plate. The equation from Blevins is given below. 
f, = -^ 
271b' 
El^ i = 1,2,3 (4.8) 
12(p(l-'u') 
For i = 1, f1 = 450 Hz or more, 
X,i2 = 11.34, for a single center point support, 
b = 0.140 m, length of the plate, 
E = material dependent, Modulus of Elasticity (N/m^), 
I = geometry dependent, thickness of plate (m), 
(p = material and geometry dependent, mass/unit area (kg/m2), 
or substitute cp = pi, for a material of density p (kg/m^), and 
\) = material dependent, Poisson's Ratio. 
From the definitions above, it is apparent that there remained two issues to 
be decided: the material the plate should be made from, and the thickness of the 
plate. Material selection was limited by two concerns. First, weight had to be kept 
to a minimum since the vibration test stand had to be supported within a CO2 
incubator upon one of its interior shelves. These shelves and their supports are not 
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designed for this type of test. According to the manufacturer, the floor of the 
NAPCO E Series Model 5100 CO2 incubator itself, which forms part of the water 
jacket surrounding the Interior of the Incubator, cannot support more than a 25 lb 
dispersed load. It was assumed that the load placed on a shelf should be less than 
that value, and It should be kept to a minimum. Second, due to the warm and 
humid conditions within the incubator all parts of the core stand must be able to 
resist any effects due to the humid environment. Given these concerns, material 
selection narrowed to aluminum and Plexiglas™ (Luclte). A trade off study 
between these two materials was done using the material properties given in Table 
4.4 and Eqn. 4.8. 
Table 4,4 Material Properties of Aluminum and Luclte® 
Material Modulus of Poisson's Ratio Density (kg/m3) 
Elasticity (N/m2) 
Aluminum 71.0 x 109 0.3333 2.714 X 103 
Luclte 3.1 X 109 0.4500 1.190 X 103 
^Property values from Blevins (1986) 
The results of the study demonstrated that for a given target frequency, a 
plate made of Plexiglas would have to be three times thicker than one made of 
aluminum. This would result in a Plexiglas plate weighing 1.3 times as much as an 
equivalent aluminum plate. 
Beyond the savings In weight, cost was a factor in this project. The price of 
relatively thick (0.75 cm and up) Plexiglas is considerably more then an 
equivalently thick piece of stock aluminum. Thus, the material selected for the 
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supporting plate was aluminum. 
With the selection of aluminum, the only remaining variable was the plate 
thickness. Solving Eqn. 4.8 for the thickness I, given fi = 450 Hz, gives a minimum 
value of I = 0.0031 m. The final selection for thickness was 0.013 m (1/2 in.). This 
number allowed for some leeway in attaining frequency response goals even with 
milling out the embrasure. In addition, use of a standard thickness of aluminum 
stock plate reduced costs. This set the theoretical value for fi to 1831 Hz. Thus, 
referring back to Eqn. 4.7 and using the largest value for the driving frequency, 45 
Hz, the transmission ratio \y\ expected was 1.0006. This value was deemed to be 
sufficient to ensure rigid body motion. (The actual value of fi for the supporting 
plate was determined experimentally and is presented in IV.C.2.a.) 
A plate of dimensions 14.0 cm x 9.5 cm was cut from 0.013 m (1/2 in.) thick 
stock aluminum. A Corning'''" 96-well flat bottom cell culture plate with cover was 
used as a template to mill out a 0.00318 m (1/8 in.) deep embrasure in the top of 
the supporting plate. The final mass of the supporting plate was 0.3936 kg, or a 
weight of 0.8677 lb. The mass of an empty cell culture is 0.0605 kg, or less than 
Ve that of the supporting plate. An edge approximately 0.5 cm in width remained 
to secure the culture plate. The fit of the culture plate within the embrasure was 
kept quite tight, thus eliminating the need for attachment hardware. (This 
connection was considered to be much stiffer than the stiffness of the supporting 
plate itself.) Four pieces of water-resistant labeling tape were used to secure the 
cell plate cover once the culture plate was in place. A photograph of the supporting 
plate appears in Figure 4.3. 
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Figure 4.3 Aluminum Supporting Plate 
IV.B.lb Shaker 
Since the point of the study was to examine the effect of pure vibration on 
the growth rate of vascular smooth muscle cells, a device was needed that could 
generate precise and repeatable motions of the correct amplitude and frequency. 
The constraints on shaker selection were size (both in physical dimensions and 
especially in weight), ability to generate such small motions with accuracy and 
precision, ability to lift the required mass-load of the supporting plate, ease of 
control, and past track records of similar shakers. Various possibilities were 
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discussed and in some instances tried at great length such as piezoelectric 
actuators, magnetostrictive actuators and permanent magnet vibration excitors. 
The shaker selected and used was a Bruel and Kjser Mini-Shaker Model 
4810 with the Bruel and Kjaer Type 2706 Power Amplifier. The amplifier is used to 
boost the excitation voltage generated by another source to the level required by 
the Mini-Shaker. Specifications for the shaker and settings used for the amplifier 
are provided in Appendix B. A few points about the shaker to be noted here are its 
mass (weight) of 1.1 kg (2.4 lb), a frequency range extending to DC, and a flexure 
stiffness capable of over coming the = 1 lb load of the plate at very low frequencies. 
Thus the Mini-shaker met all the design criteria. The point at which the shaker lead 
attaches to the shaker itself was sealed with silicone rubber to prevent moisture 
contamination by the humid incubator environment. To truly evaluate shaker 
performance, the shaker and supporting plate must be evaluated together. These 
results are discussed in IV.C.3. 
IV.B.1.C Isolation System 
The goal of a vibration Isolation system Is to prevent unwanted vibrations on 
one side of the isolation system from reaching the other side. In this instance, the 
shaker/supporting plate/experiment cell culture plate combination and the control 
cell culture plate needed to be isolated from background vibrations of the incubator 
shelves upon which the shaker and the control plate resided. 
Isolation occurs when the transmission of support motion, in this case the 
incubator walls and shelving, to the shaker or control plate is reduced. Referring to 
Figure 4.2 and James et al.,.(1989), vibration Isolation begins when —>^f2, 
where « Is the driving frequency of the background motion. Therefore, an isolation 
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system must be selected such that for the new system . It is thus evident 
that isolation is obtained in general by decreasing the natural frequency of the 
system. In a situation such as this one, where the background vibrations may 
consist of more than one frequency, the lowest one is used for isolation design. If 
isolation at the lowest frequency is obtained, all higher frequencies will also be 
isolated from the shaker also since response to higher co's are further to the right in 
Figure 4.2. 
Since = J—, the natural frequency of the system may be decreased by 
V m 
either decreasing the stiffness, k, or by increasing the mass, m. Normally isolation 
mounts weigh much less than the structure. Thus, isolation systems are usually 
chosen based on their stiffness. However, in this case the mass of the structure 
was quite small. Mass was even smaller for the control set-up, which was a single 
cell culture plate. In addition, as will be discussed in IV.C, the background vibration 
contained frequencies close to those selected for experimental frequencies. For 
this low mass and low frequency situations, it was necessary to use a combination 
of changes in both k and m to achieve the desired level of isolation. Figure 4.4 
provides schematics of the relationship of an isolation system to the moving 
support model discussed in IV.B.I.a. 
Ideally, a selection of pads and other isolation material would be available 
with known values of stiffness. In actuality, this is rarely the case, and design of the 
isolation system usually involves a series of trials of various pad materials, 
thickness of pads, changes in mass, etc. This turned out to be the case for the 
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Isolation isolatio" 
Figure 4.4 Schematics of Isolation Systems 
Figure 4.5 shows a photograph of the interior portion of the test stand. More 
phptographs of the system used in this experiment for both conditions appear in 
Appendix A. A simplified schematic of the core system including the isolation 
portions is presented in Figure 4.6 and discussed below. 
The isolation system for the shaker portion of the test stand was made up of 
two parts. First, a single layer of relatively stiff black padding with a nominal 
stiffness of 4581 N/m (314 !bf/ft) was placed directly beneath the shaker. The 
shaker did sink into the pad slightly to create its own impression which aided in 
later replacement of the shaker. A level was used to assure that the supporting 
plate on top of the shaker remained level even after the shaker had been placed 
upon the pad. Second, a regular incubator shelf was stiffened by added pieces of 
L-shaped aluminum across the bottom, see Figure 4.7. The L-bar was held on with 
10-32 nuts, washers, and bolts. The increase in stiffness reduced the net amount 
of shelf motion generated by the background level of shelf support motion. The 
addition of the stiffeners meant that the shelf no longer fit within the shelf support (a 
U-shaped channel) but instead had to ride on top of the supports. 
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Figure 4.5 Interior Portion of Vibration Test Stand 
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Shelf Support 
Regular Incubator Shelf 
Re-inforced Incubator Shelf 
Cell Culture Plate 
Plexiglas Sheets 
Aluminum Supporting Plate 
B&K Mini-Shaker 
Pad Material 1 
Pad Material 2 
Figure 4.6 Diagram of Interior of Incubator 
••// 1 in. Alunninum L-bar 
Regular Incubator Shelf 
Figure 4.7 Reinforced Incubator Shelf 
The isolation system for the control plate was intended to prevent any 
vibration of the culture plate. The system was set up to prevent both the 
background vibration experienced by the shaker portion of the stand and the 
vibration caused by the activity of the shaker itself from reaching the control plate. 
Again, a two part system was devised. First, strips of a rubber backed black 
padding material were placed on top of the shelf supports along their length and 
then a regular incubator shelf was placed on top of the strips. Second, two pieces 
of plexlglas plate were placed underneath the control culture plate. Pieces of water 
resistant labeling tape were used to mark and place both the plexiglas pieces and 
the culture plate in their optimum position as determined by accelerometer 
readings. 
The vibration test stand has now been fully described. Evaluation of the 
effectiveness of both isolation systems are presented in IV.C.2. Next, the system of 
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devices used to generate, control, and monitor vibration levels is discussed. 
IV.B.2 Electronic Control System 
The parameters that needed to be both generated and controlled were the 
frequency and amplitude of the motion of the cell culture plate via the shaker and 
the supporting plate. The system used in this study to accomplish these two goals 
consisted of several parts. 
• Accelerometer - A device which translates a change in acceleration into a 
change in output voltage. 
- Power supply for the accelerometer. 
• Vibration Exciter Control - A device which both generates a specific output 
voltage wave form and, through a feedback signal from the accelerometer, 
regulates its output to maintain the desired accelerometer voltage. 
- Monitoring devices such as a voltage meter (or Digital Multimeter) to read 
the output of the accelerometer and an oscilloscope to observe the wave 
form shape. 
• Filter - A device used to selectively suppress certain frequencies of an 
electronic signal. 
Evaluation of the control system in conjunction with the vibration test stand 
was conducted first in Room 0068 in the Black Engineering Building at iSU. It was 
then transferred to Room 1060 in the Veterinary Medicine Building for evaluation of 
system operation and vibrations within the environment of the incubator. Figures 
4.8 and 4.9 present a schematic and a exterior photograph of the control system for 















Vibration Exciter Control 
Filter set to Low Pass at 100 Hz 
Outside Incubator 
Figure 4.8 Control System Schematic 
Figure 4.9 Vibration Test Stand Exterior Control System 
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IV.B.2.a Accelerometer 
As established in IV.B.I.a, motion of the plate equals motion of the shaker 
moving element. Thus it would be possible to take a reading, whether it be one of 
position, velocity, or acceleration, from the plate and confidently relate it to what the 
shaker was doing. Since the values for all three possibilities were quite small, 
selection of a control parameter initially leaned towards position, or displacement. 
Traditionally such devices are considered to be of appropriate sensitivity for such 
small motions, frequencies and hence accelerations. Accelerometers are normally 
used for higher accelerations, on the order of 0.1 g and up. However, the use of an 
accelerometer as the controlling device was quite attractive because of their ease 
of use. Two extremely sensitive accelerometers were obtained on loan for use in 
this study. 
Since only one accelerometer was actually required for continuous use 
during testing, the second accelerometer was used as a calibration check of the 
first accelerometer. Both accelerometers had been factory calibrated within three 
months prior to use. Demonstration of agreement between accelerometer output's, 
when subjected to the same vibration, was used to confirm the factory calibration 
numbers without further in-lab calibration. Details are given in IV.C. 
The accelerometer used during evaluation and testing was a PCB Quartz 
Shear Mode ICP Accelerometer, Series 353, Model UJ353B52, SN 9263 with a 
sensitivity of 536 mV/g. A complete specifications sheet appears in Appendix B. 
This model is hermetically sealed to prevent moisture Infiltration. As an extra 
precaution the connection between the accelerometer and the lead was sealed 
with RTV material before the system was placed in the incubator. 
The accelerometer used for a cross-check and some system evaluation was 
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also a Quartz Shear Mode ICP Accelerometer. It was a Series 336, Model U336C, 
SN B514 with a sensitivity of 941 mV/g. There were two main reasons for selecting 
the device with the lower sensitivity, even though for these low values a higher 
sensitivity would be advantageous. First the U336C was not hermetically sealed, 
and second, its resolution was less than half that of the UJ353B52. Power for both 
accelerometers was supplied by a PCS Model 482A04 Integrated-Circuit 
piezoelectric 4 channel power supply. 
There are various ways to mount an accelerometer. Selection of mounting 
technique depends upon the surrounding environment, duration of test, material to 
which the transducer is attached, and the expected frequencies to be experienced. 
For the evaluations done in the vibrations lab, a simple wax interface was sufficient 
to maintain a good contact for both transducers at these low frequencies. However, 
for the long term experiments in the incubator where the accelerometer was to be 
used to generate a feedback signal to control the motion of the plate, a more 
secure mounting was used. A 10-32 hole was tapped and drilled in the aluminum 
supporting plate as shown in Figure 4.10 to allow for stud mounting of the 
accelerometer to the plate. 
Extreme care was always taken to properly secure leads from both the 
accelerometers, and from the shaker also. This was necessary to provide both 
proper stress relief in the leads and to prevent artifacts in the desired motion due to 
lead motion effects since the vibration levels of interest are very small. 
lV.B.2.b Vibration Exciter Control 
It would have been possible to use a simple function generator to provide 
the desired sinusoidal input to drive the shaker. However, by selecting the Briiel & 
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• 10-32 Hole for 
Shaker Mount 
o 10-32 Hole for 
Acceleronnter Mount 
Figure 4.10 Supporting Plate 
Kjaer Type 1047 Vibration Exciter Control, the very Important feature of closed loop 
vibration control via feedback from an accelerometer was obtained. Figure 4.7 
shows this closed control loop consisted of Vibration Exciter Control Shaker ^ 
Accelerometer Vibration Exciter Control. The controller allows one to select a 
desired frequency and level of accelerometer output voltage, and then the 
controller maintains those levels automatically by maintaining a constant 
compressor speed. Specifications for the controller and settings used for it in this 
study are provided in Appendix B. 
The desired frequency Is simply dialed in on the controller front panel. The 
same is not true for the voltage level. While the controller does have a needle-type 
Vibration Meter on the front panel, Its resolution was not fine enough for this study. 
Thus, a Keithly 195 System Digital Multimeter (DMM), set to millivolts (mv) RMS, 
was used to read the output of the accelerometer. The object was to get this output 
voltage to match the appropriate one for that particular test point. The voltage level 
knob on the Control front panel was adjusted until the readout on the DMM 
matched the desired level. 
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As a visual check of proper motion of the supporting plate, the output of the 
accelerometer was also taken Into a Gould 20 MHz Digital Storage Oscilloscope. 
This visual display was useful for checking that a truly sinusoidal motion, with no 
additional frequencies of significant amplitude levels, was being experienced by 
the plate. The output signal that went to all three components discussed above 
had been filtered. This filter will now be discussed. 
IV.B.2.C Filter 
Inherent in all electrical, and some mechanical, systems is the possibility of 
noise. The term noise applies to any portion of the output, which may be random, 
transient or repetitive in nature, which decreases the clarity of the true output. A 
prime example is the 60 HZ power line noise which affects many electrical 
measuring devices. 
Since the frequencies of interest were quite low, the use of a low-pass filter 
to protect the small signal out of the accelerometer seemed appropriate. This was 
especially true for the lowest set point at 15 Hz. Without the filter, the signal itself 
was partially drowned out by outside noise. One source of this noise was within 
the system itself. When a Fourier Transform was done on the output signal from the 
Vibration Exciter Control, a small peak at 120 Hz, on the order of 0.0002 mv, was 
present even with the power supply for the accelerometer turned off. There was no 
peak at 60 Hz, signifying that line noise was not a problem in this case. 
Another point to be consider when applying a filter to a signal is how a filter 
actually affects the signal. Especially important is the fact that some degree of fall-
off of the input signal can occur if the cutoff frequency of the filter comes to close to 
the-frequency of interest. In essence, a low pass filter applies a multiplier of one to 
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the signal up to the point where it starts to roll-off. After that, the multiplier 
decreases until it reaches zero. This change in gain can be very quick or gradual, 
depending on the filter. 
Given a known problem at 120 Hz, no problem at 60 Hz, and a desire to 
keep the output signal at full strength, a value of 100 Hz was set for the frequency 
at which a gain of -3 dB was applied to the analog signal (low-passed) by the 
General Radio Company 1952 Universal Filter. 
This completes the discussion of design of the control portion of the 
experimental test stand. The next section presents the evaluation of the test stand 
performance. 
IV.C Evaluation of Test Stand Performance 
As mentioned in the previous section, performance of the test stand was 
evaluated in stages. Proper performance of both the hardware and the control 
system is obtained when all points of the supporting plate move in a rigid body 
fashion at the desired frequency and amplitude with no extraneous motions. Thus 
performance must be evaluated in several stages. 
• Accelerometer calibration 
• Rigid body motion - evaluation done in Vibration Lab while shaker rests on rigid 
surface 
- Natural frequency of the supporting plate 
- Modal analysis 
• Isolation system within the incubator 
- Shaker/plate isolation 
- Control plate isolation 
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• Shaker and Control system performance on point 
IV.C.1 Accelerometer Calibration 
As discussed in IV.B.2.a, two PCB accelerometers were used in this study. 
There are various methods used to calibrate an accelerometer. Most of these 
methods rely on comparing the output of the accelerometer with the known output 
of some other device. This step is particular crucial when the transducer has been 
in long term or possible stressful use. In this study, the accelerometers were fresh 
from factory calibration with individual calibration certificates. It was decided that 
demonstration of good agreement between the two accelerometers would 
constitute confirmation of their sensitivity ratings. 
The transducer used long term in this study (Acc 1) has a sensitivity of 536 
mv/g while the second transducer (Acc 2) used for confirmation of Acc i's 
calibration has a sensitivity of 941 mv/g, per their calibration certificates. Table 4.5 
presents the complete matrix of test points and the voltage reading for Acc 1. 
Assuming that the factory calibrations were still correct, it should have been 
possible to predict the output voltage for Acc 2 based on the output voltage from 
Acc 1 by multiplying the Acc 1 voltage by a factor of (941/536) = 1.76. Evaluation of 
the validity of accepting the factory sensitivities could then be made Readings for 
both accelerometers were taken and then compared with the expected values. 
This was done for the low, middle, and high acceleration points using a Kiethly 
DMM and using a Tektronix 2630 Fourier Analyzer as both the function generator 
and the output signal processor. The results are presented in Table 4.6. 
The values were not as initiaaly expected. A closer examination of the test 
can resolved these differences. First, the method of testing was to place Acc 1 in 
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the middle of the supporting plate, and then at the desired frequency adjust input to 
the shaker until the output voltage of Acc 1 reached its desired level (column 4). 
The input was then switched to standby and Acc 1 replaced with Acc 2. Input was 
then switched back to operate and the output voltage of Acc 2 was read (column 5). 
This means that the power level sent to the shaker was constant for both situations. 
However, the mass load being lifted by that power level was not constant. 
Remembering the basic relationship of 
Force = mass * acceleration, 
it becomes apparent the for a given amount of force, a decrease in mass will result 
in an increase in acceleration. The components were weighed and found to have 
masses of 
massAcc 1 = 32.0 gm, 
massAcc 2 = 5.2 gm, and 
masspiate = 393.6 gm. 
The total load for a test was the mass of the plate plus the mass of one 
accelerometer. Thus, the two total mass loads being lifted by the shaker, for the 
two portions of the test, were 
masstotal 1 = 0.4436 kg and 
masstotai 2 = 0.4168 kg. 
Beginning with the (assumed) known acceleration ( ameasured i) measured 
by Acc 1, the force being generated by the shaker at that particular power setting 
was calculated as 
Fcalculated = nnasstotal 1 * ^measured 1 (4.9) 
Given that force, a new acceleration (acaiculated 2) was calculated for Acc 2 
mounted on the plate using 
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Table 4.5 Test Point Settings 
Test Point Amplitude Frequency Acceleration Acc 1 
(lim) (Hz) (g's) (mv, RMS)3 
1 12 45 0.0979 37.10 
2 8 45 0.653 24.75 
3 4 45 0.0326 12.36 
4 12 30 0.0435 16.49 
5 8 30 0.0290 10.99 
6 4 30 0.0145 5.50 
7 12 15 0.0109 4.13 
8 8 15 0.0073 2.77 
9 4 15 0.0036 1.36 
^Convert (mv) to (mv.mis) by dividing by ^I2. 
Table 4.6 Comparison of Accelerometers 
Frequency Amplitude Accelera- Acc 1 Acc 2 ^ Acc2 Acc 2 
(Hz) (^m) tion actual predicted actual % dif b 
(g's) (mv) (mv) (mv) 
15 4 0.0036 1.96 3.39 3.45 1.8 
30 8 0.0290 15.50 27.29 29.70 8.8 
45 12 0.0979 52.40 92.12 99.20 7.7 
^ Acc 2predicted = Column 4*1.76 
^ % dif = (I Column 6 - Column 51/Column 5 ) * 100 
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^calculated 2 = Fcalculated / rnasstotal 2 (4-10) 
This acceleration was multipled by the factory determined sensitivity of 941 
mv/g to obtain the expected value for the voltage readout of Acc 2. These 
calculated and measured values are given above in Table 4.7. The results shown 
in this table demonstrate that once mass differences have been taken into account, 
the agreement between the two accelerometers is quite good. 
At this point confirmation of the calibration sensitivities of Acc 1 = 536 mv/g 
and Acc 2 = 941 mv/g to within ± 2.1 % of each other has been obtained. Thus, 
both of these transducers can be used to measure acceleration in the rest of this 
experiment with confidence. 
Table 4.7 Correction for Mass Differences in 
Accelerometer Cross-correlation 
^measured 1 Fcalculated calculated 2 Acc 2 Acc2 
(g's) (N) (g's) calculated actual % dif® 
(mv) (mv) 
0.0036 0.01565 0.00383 3.60 3.45 4.2 
0.0290 0.12607 0.03068 29.04 29.70 2.3 
0.0979 0.42560 0.10420 98.05 99.20 1.2 
a % dif = (1 Column 5 - Column 4 I/Column 4 ) * 100 
IV.C.2 Rigid Body IVIotion 
Evaluation of the supporting plate for rigid body motion involved two steps. 
• Confirming that the first natural frequency of the supporting plate is sufficiently 
above the highest test frequency to ensure 1:1 transmission of motion between 
the moving element of the shaker and the cell culture plate. 
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• Verifying tfiat at the test point driving frequencies, all points in the supporting 
plate move as a rigid body. 
IV.C.2.a First Natural Frequency 
The simplest method for determining the natural frequencies of a structure is 
to subject that structure to broad band random noise. Recalling the discussion 
earlier of the response of structures to driving frequencies, it is expected that peaks 
in response of the structure measured by an accelerometer will occur at the 
resonant frequencies of the structure. Figure 4.11 presents the output from the 
Tektronix 2630 Fourier Analyzer used to both generate the broad band noise and 
analyze the output of the accelerometer (in this instance Acc 1), attached to the 
center of the supporting plate. 
In this figure, the first peak, i.e. the plate's first natural frequency, appears at 
= 2500 Hz. This number exceeds the theoretically predicted value of 1831 Hz. 
This portion of the testing was done without a medium-filled cell culture plate in 
place. Based on underestimating the total mass present during the vibration tests 
by ==18%, the con of the system during vibration testing will be =8% lower. More 
frequency response functions of acceleration per unit force at various locations on 
the surface of the plate were taken using both Acc 1 and Acc 2 and confirm a first 
natural frequency of just below 2500 Hz. These plots are presented in Appendix 
C.I. 
IV.C.2.b Operational Deformation Shape Analysis 
Basically operational deformation shape analysis is used to determinehow a 
structure deforms when vibrating at different frequencies. Frequency response 
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Figure 4.11 Response of Supporting Plate to Broadband Excitation 
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measurements were used to demonstrate that no deformation of the supporting 
plate occured when it was driven at the experimental frequencies. This was done 
by mounting both accelerometers on the plate with wax, taking a reading at a given 
frequency and power setting, and then repeating the process with the 
accelerometers moved to another location. The full surface of the plate was 
examined. Since output voltages agreed both in frequency and amplitude at all 
locations, rigid body motion was confirmed. 
Figures 4.12 and 4.13 present two such readings done at 45 Hz. As is 
shown, good agreement was found for both accelerometers in both locations, with 
Acc 1 demonstrating the best agreement. This may have been in part due to its 
lower sensitivity. However, agreement for Acc 2 was quite good also when 
possible artifacts due to changes in mounting conditions, such as adhesion of the 
wax, stress in the lead cable, etc., caused by moving the transducer from location 
to location were taken into account. The remainder of the plots for the survey done 
at 45 Hz and the one done at 30 Hz are given in Appendix C.2. No survey was 
conducted at 15 Hz since rigid body motion had already been confirmed at the 
higher experimental driving frequencies. 
Evaluation of the shaker/supporting plate/cell culture plate combination 
confirms that first two items working together meet the design goals set in IV.B.I.a 
for subjecting the cell culture plate to rigid body motion. The next parts of the test 
stand to be evaluated are the isolation systems. 
IV.C.2 Isolation systems within the incubator 
All of the evaluations done for the isolation systems were carried out in situ, 
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placed on a 300 lb marble table normally used to support sensitive weighing 
scales. This massive table isolated the incubator from ambient vibrations within the 
laboratory environment. 
IV.C.2.a Experimental cell culture plate isolation 
Proper isolation of the shaker/supporting plate/experimental cell culture 
plate system in the incubator would result in the output from the stud-mounted Acc 
1 being the same as when the system was sitting on the rigid floor. This was tested 
when power to the shaker was off to prevent masking of possible background 
vibrations by motions of the shaker itself. A value of = 0.30 mv, rms with random 
frequency content was obtained on the rigid floor under this condition. This is 
basically the "noise" inherent in the system. 
As stated in IV.B.1, design of the final isolation system was to some degree 
trial and error. Evaluation of the these trials involved the use of the DMM to monitor 
voltage levels and a Norland 3001/DMX FFT Analyzer to identify peak frequencies. 
The strongest background vibration occurred at « 45 Hz and was due to 
incubator fan. This was determined by turning power to the fan on and off. The fan 
runs constantly to keep temperature and CO2 at constant levels throughout the 
incubator. Isolation from the fan induced vibration had to be done without affecting 
the normal operation of the cell culturing environment by modifying the air 
circulation system. Without the isolation system, DMM readings from Acc 1were on 
the order of 0.4 to 0.6 mv.rms with a great deal of fluctuation with the Exciter Control 
at the standby no-power condition. The isolation system selected for this study 
reduced the output to = 0.32 mv.rms or less with very little fluctuation and a random 
waveform. 
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A continuous clieck of tine effectiveness of tine isolation system was done 
throughout the testing period. Each day when power was turned to standby for 
removal of the culture plate for reading, the test stand was allowed to equilibrate 
and the acceierometer output was observed to be certain that isolation system was 
still operating as desired. In every case, the reading was below 0.32 mv as 
desired. 
IV.C.2.b Control cell culture plate isolation 
The process of design of the isolation system for the control cell culture plate 
was done in basically the same way as described above. Background vibration, 
due mostly to the operation of the fan, showed values of == 0.5 mv at = 45 Hz. 
However, this system also had to isolate the control culture plate from the motion 
induced by operation of the shaker. 
The initial evaluation with the acceierometer mounted on the bare shelf 
where the control plate would be placed showed that the greatest transmission of 
motion occurred when the shaker was operated at 30 Hz and then at 45 Hz. Little 
reaction was seen when the shaker operated at 15 Hz. 
The final isolation system constructed greatly reduced the levels of 
transmitted motion. In this instance, the acceierometer was mounted with wax to 
the top of the culture plate or isolation material since stud mounting was 
impractical. Table 4.8 compares the frequency response of the worst case shelf 
response with no isolation to the final control isolation system when the shaker was 
run at 12 |im at both 30 and 45 Hz. Comparison of the two 30 Hz points shows that 
the isolation system cut the acceierometer output by = 300. The isolated 
acceleration value is also 35 times lower than that the experiment culture plate 
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Table 4.8 Effectiveness of Control Isolation System 
Operating Isolation in Place Peak Frequency Peak Voltage 
Condition (Hz) (mv) 
30 Hz & 12 |a,m none 31.74 0.03170 
30 Hz& 12^m complete 29.79 0.00011 
45 Hz & 12 |a,m complete 44.97 0.00020 
should experience at the lowest amplitude test setting of 4 |xm and 30 Hz. A 
comparable reduction at 45 Hz of 43 times was found for the 45 Hz and 4 iim 
setting. Such sizable differences confirm that in essence, the control cell culture 
plate experiences no vibration in comparison with the vibration levels of the 
experimental cell culture plate is experiencing. 
IV.C.3 Shaker and Control System Performance on Point 
Shaker performance within the incubator was evaluated both before testing 
began and during testing. Pre-test evaluation involved two types of variation seen 
in the output signal; drift and bounce. Long term observation over the course of 
four days (the duration of one test) found that the control system prevented the drift 
from the set point which was evident in earlier evaluations done using a function 
generator instead of the Exciter Control to drive the shaker. The other type of 
signal variability was bounce, i.e., irregular fluctuations of frequency and output 
voltage about the set point. 
From observation, the Exciter Control held the set frequency to ± 0.2 Hz. 
Accelerometer output at all test points was found to vary by ± 0.1 mv or less. In 
general, the smaller the amplitude of the test point the less bounce was present. 
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To put this number into perspective, it should be examined in terms of percent of 
the desired acceleration. The smallest acceleration, 0.0036 g, occurs at 15 Hz and 
4 |im. A value of 0.1 mv translates to 1.87 x 10"4 g which is = 5 % of 0.0036. Thus 
in the worst case the system is able to hold point within ± 5 %. As the required 
acceleration increases, this percentage decreases to the best case of 0.2 % at the 
maximum acceleration value of 0.0979 g at 45 Hz and 12 |im. 
System performance was also evaluated in the long term. At some point 
during each individual test period of 72 hours, one hour recordings of the 
accelerometer output both before and after the 100 Hz low pass filter were made 
using a Holter Monitor. The Holter is a very low speed cassette tape recorder 
normally used to obtain 24 hour EKG recordings from human subjects. This device 
is particularly well suited for recording the low frequencies used in this test. A 
schematic of the Holter recording hook-up is given in Appendix B. The Tektronics 
Analyzer was used for post processing all the recorder data. 
Since the Holter records at one speed and playback occurs at another 
speed, a clock signal is included on the reverse side of the cassette tape to allow 
the user to convert time base values such as frequency from the high speed 
playback values to the original recording values. Figure 4.14 shows a clock signal 
in the time and frequency domains, top and bottom plots respectively. The first 
peak frequency Is the fundamental frequency associated with the 32 Hz periodic 
clock signal. This value divided by 32 gives the conversion factor needed to 
translate the playback frequencies to actual frequencies. For this plot the number 
would be 
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run at 15 Hz and 4 urn. The upper plot is the time domain representation of the 
accelerometer output while the lower plot is the frequency domain representation. 
The wave form is seen to be a smooth regular sine wave as desired. The voltage 
level is directly related to the voltage output by the accelerometer for this output 
level of the accelerometer, although it has been scaled by the Holter. Frequency 
analysis shows a peak at 687.5 Hz. This number divided by the conversion factor 
of 46 confirms a driving frequency of 15 Hz. It can also be seen that the only other 
notable peaks are 30 dB or more down from the peak at 15 Hz. 30 dB translates to 
a signal which is more than 30 times smaller than the signal at 15 Hz. Basically, 
this means that the supporting plate and hence the cells were experiencing a pure 
15 Hz vibration with an amplitude of 4 |im. Plots for the remaining test points are 
given in Appendix C.3. Higher acceleration test points resulted in accelerometer 
outputs that saturated the Holter. This resulted in a clipped signal and some 
harmonic distortion of the wave form. 
This completes the discussion of the evaluation of the vibration test stand. 
The final section of this chapter will address two other issues which had to be 
examined to insure that problems did not exist that could cause artifacts in the 
results. 
IV.D Additional issues 
There were two other areas in which the possibility of unwanted effects existed: 
• fluid motion of the medium due to vertical vibration of the culture plate and 
• magnetic fields generated by the electrodynamic shaker. 
In both instances, the effects could be ignored and no changes in the test stand 
described above were made. However, they are included in the discussion since 
97 
these issues were of concern. 
IV.D.1 Fluid Motion 
As discussed in II.A.2, many researchers have looked at various effects that 
can arise due to fluid motion past the cells of the blood vessel wall. However, one 
of the goals of this study was to examine the effect of the internal dynamic 
environment of the wall on the growth rate of vascular smooth muscle cells 
separate from any fluid shear effects. Thus, it was necessary to be sure that the 
vertical motion of the culture plate imparted no regular flow pattern to the medium 
within each individual well, which could result in fluid shear effects on the cells 
plated to the bottom of the well. 
The method chosen to confirm the absence of flow pattern was to add a 1|il 
drop of blue vegetable dye to the 100 m-I of pink medium within each well, while the 
shaker was in operation. A high speed, high resolution, close up video tape of the 
event was made and then replayed in ultra slow motion to fully examine the 
dispersion pattern of the drop. Sequences were recorded at various locations 
around the plate and at the high, medium, and low acceleration test points. Figure 
4.16 contains a sequence of frames from a typical drop sequence. As is evident 
from these frames, the dispersion of the dye proceeds outward in a regular and 
enlarging hemisphere shape from the point of introduction of the drop in the same 
fashion as was observed in a stationary plate. This type of pattern shows that the 
motion of the plate does not induce the medium within the well to flow in any 
particular pattern. Thus, it was not necessary to attempt to design some 
compensatory mechanism. This work was done in the Image Analysis Facility of 
the College of Veterinary Medicine of Iowa State University. 
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Figure 4.16 Typical Drop Dispersion Sequence 
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IV.D.2 Magnetic Fields 
The effect of magnetic fields on living creatures and cells has been a source 
of concern and controversy. Most of the studies of this issue have focus on the 
effects of alternating current (AC) electromagnetic fields of the type associated with 
power lines. Some studies have been done at the cellular level with AC magnetic 
fields: however, no study using any type of muscle cell was found. The same was 
true of direct current (DC) magnetic fields. The question of magnetic field effects 
arises because the shaker used in this study operates by passing an AC current 
through a coil which surrounds a permanent DC field magnet. Concern over the 
effect of magnetic fields on cell growth rates arises because the control plate is 
significantly farther away from the shaker than the experimental plate. Since 
magnetic fields fall off as 1/r2 with distance, the control cells would not be exposed 
to the same levels as the experiment cells. 
One way of reducing the magnetic field being conducted to the cells was to 
use a brass rather than steel mounting stud between the shaker and the supporting 
plate. This greatly reduces the conductance between the shaker and supporting 
plate, and ultimately the cells. Before any more steps were taken, the decision 
needed to be made as to whether or not the shaker fields presented a problem. 
Therefore, measurements of the AC and DC fields associated with the shaker/plate 
and the incubator were taken using a Gauss meter. AC measurements for the 
shaker/plate were taken at the maximum acceleration, and therefore maximum 
current through the shaker, point for this study, 45 Hz and 12 ^im. DC 
measurements were taken with the Control in standby mode. Figure 4.17 presents 
the results of these surveys. 
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AC and DC measurements for the incubator were taken with the fan running. 
AC levels drop dramatically with distance from the fan. Levels were fairly constant 
in a horizontal plane; however, they would rise next to the conductive walls. DC 
levels were below the lowest setting of the Gauss meter used in the survey. Figure 
4.18 shows the field distributions of this device. 
From these two figures, it is obvious that the AC field in the incubator, 
associated with the circulation fan, is so much greater than that found for the shaker 
that separation of the control plate from the shaker field is irrelevant. The same is 
not immediately obvious for the DC field. However, the actual level found at cell 
height of 19 G is actually fairly small. One study (Ardito et al.,1984) which did look 
the effect of DC fields on the growth of human lymphocyte cells found some 
inhibition of growth, but the magnitude of the DC field used was 740 G, vastly 
greater then the one seen here. Thus, it was concluded for this study that position 
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Figure 4.18 Magnetic Fields Associated with the Incubator 
of control vs. experiment plate within the DC magnetic field should not effect the 
results. 
The final conclusion regarding the influence of both the fluid motion and 
magnetic field on measurements was that no action need be taken with respect to 
the experiment culture plate or the control culture plate. 
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V. CULTURE OF VASCULAR SMOOTH MUSCLE CELLS 
The in vitro examination done in this study on the effects of vibration on vascular 
smooth muscle cells required a ready, extensive and homogeneous supply of 
vascular smooth muscle cells. In addition, a method was needed to evaluate the 
growth rate of the cells over a period of days. This chapter describes the 
procedures in terms of materials and methods developed and followed to isolate, 
culture, identify, and quantify vascular smooth muscle cells for use in this 
study. Next the results of using those procedures are analyzed, and finally, 
conclusions are made as to the effectiveness of the procedures. 
V.A Materials and Methods 
V.A.I isolation of Vascular Smooth Muscle Cells 
A prime concern of any study involving cell culture is to be able to obtain 
exactly those cells which one wishes to study with minimum numbers of intruder 
cells. In addition, source, cost, maintainability and simplicity of techniques used to 
obtain cells from the source must be included in the selection process. 
V.A.I.a Source Animal and Vessel 
The initial decision to be made before beginning the culturing process is 
"What species and what arteries will be source for the cells?". Various sources 
have been used including human thoracic aortas and carotid arteries 
(Dartsch,et.al.,1990), subhuman primate thoracic aorta (Burke and Ross,1977), 
juvenile pig thoracic aortas (Sumpio, 1988b), juvenile guinea pig thoracic and 
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abdominal aorta (Owens, 1986), rat mesenteric arteries (McGuire,et.al.,1993) and 
rat thoracic aortas (Blank,et.al.,1988:Geisterfer,et.al.,1988:Ross,1971). Laboratory 
rats are readily available and have been used and accepted as sources for 
vascular smooth muscle cells in studies concerned with the proliferation of smooth 
muscle which occurs in atherosclerosis (Blank,et.al.,1988:Geisterfer,et.al.,1988; 
Ross, 1971). For these reasons, mature female Holtzman rats were chosen as 
source animals. Atherosclerosis is most commonly found in the smaller muscular 
arteries rather than in large elastic arteries like the aorta. However, to allow for a 
maximum amount of tissue retrieval per animal, the thoracic and abdominal 
portions of the aorta were selected. It was assumed that smooth muscle cells are 
the same in both types of arteries. 
In obtaining viable tissue as an explant source, efforts should be taken to 
minimize the amount of time which elapses between death of the animal and final 
placement of explants into a incubator for cell outgrowth. The procedures used to 
obtain the final tissue pieces were developed with this point in mind. 
V.A.I.b Surgical Procedure 
1) The following aseptic instruments were available: 
- large and small blunt dissection scissors, iris scissors, forceps, 
hemostats, No. 10 scalpel, straight micro dissecting forceps, and bent 
microdissecting forceps. 
2) Euthanasia 
- Rats were euthanized by inhalation of Halothane. In every case a 
heartbeat check was done by compressing the rib cage on both sides 
of the sternum between the thumb and forefinger. The rat was taken 
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to the surgery area once the heartbeat was no longer detected. 
3) Dissection 
- Using blunt dissection techniques the aorta/vena cava pair was 
gently isolated from the surrounding tissue. The pair was isolated 
working cranially from the iliac bifurcation to the apex of the 
descending thoracic aorta. Next, a hemostat was attached distal to 
the iliac bifurcation. 
- The vessel pair was cut distal to the hemostat and proximal to the 
cranial end of the descending thoracic aorta and then placed in 
Hanks Balanced Salt Solution (HBSS.Gibco,Grand Island,NY) in a 60 
mm Petri dish. 
- The remainder of the rat was disposed of in an approved fashion. 
V.A.1 .c Preparation of Tissue for Explanting 
Once the aorta was removed from the rat, the next steps taken to prepare the 
tissue determined how homogeneous the cell population would be and, to some 
extent, how well cell outgrowth would occurr. Homogeniatity of the population 
depends upon obtaining only smooth muscle tissue from the tunica media, while 
leaving cells from the tunica intima and tunica adventitia behind. Cell outgrowth will 
occur only from adherent tissue pieces. Different techniques to address these 
issues have been reported by various researchers. The techniques which were 
used in this study are a modification and combination of those reported by Owens 
et al.,1986 and McGuire et al.,1993. 
1) Clean-up of Aorta 
-Working under a dissecting microscope and using the 
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microdissecting instruments listed above, the vena cava and all 
loosely adherent tissue such as fat were stripped away from the aorta 
segment. 
- The branching arteries were then trimmed off using the scalpel, and 
the vessel was cut longitudinally along Its entire length with iris 
scissors. The rectangular piece was then cut in half in the 
circumferential direction. 
2) Incubation in enzyme solution 
- The two segments were then placed in 5 ml HBSS, without calcium 
chloride or magnesium sulfate, (Sigma Chemical Co., St. Louis, 
Missouri) containing 0.079 mg/ml collagenase (Type XI, >1200 U/mg, 
Sigma), 0.009 mg/ml elastase (Pancreatic, 60-120 U/mg, Sigma), 1 
mg/ml soybean Trypsin inhibitor (Gibco), and penicillin/streptomycin 
(100 U/ml and 100 iig/ml, Sigma). 
- The pieces were then incubated at 37°C, in 95% air and 5 % CO2, 
for 20 minutes. 
3) Acquisition of smooth muscle tissue 
- The dish containing the segments was returned to the dissecting 
microscope, and the lumen surfaces scraped with the scalpel to 
remove endothelial cells. 
- Using the straight forceps to hold the piece, the bent forceps were 
used to grasp and strip off the innermost layer of smooth muscle from 
the remainder of the vessel. As each piece of muscle tissue was 
obtained, it was placed in a 60mm Petri dish containing HBSS. 
- This technique ensured that the tissue samples which were used to 
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grow cells consisted of muscle layers only, with minimal if any interna 
or externa cell contaminants. 
- After the stripping process was completed, the pieces were minced 
into 1mm sized pieces to aid in the adherence of the pieces to the 
culture flask.. 
- Tissue pieces were then transferred to a 15ml centrifuge tube by 
glass pipette and washed 2 times with HBSS and once in medium. 
See primary culture. Step 2 for the contents of the medium. 
At this point the tissue pieces were ready to undergo the first step of 
ceil culturing. 
V.A.2 Culture of Vascular Smooth Muscle Cells 
There are two phases to the cell culturing process, primary and secondary 
culture. The first stage involves tissue and/or cell samples taken directly from the 
source animal. The second stage begins once a sufficient number of cells has 
grown out from the original sample to require passaging to new flasks. 
V.A.2.a Primary Culture 
It is in the preparation and seeding of the flasks for primary culture, that steps 
were taken to ensure that the explants would adhere in order for cell outgrowth to 
occur. Only one of the researchers referenced above reported coating the culture 
flasks with any substrate at all. McGuire et al., 1993, reported using a dried gelatin 
film (0.1 mg/ml gelatin) in their primary culture flasks. 
Preliminary attempts in this study to get tissue pieces to adhere to plain 
plastic were successful in only one of five attempts. Therefore, a coating of Type I 
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Collagen was added to the flasks. Type i Collagen was choosen since it is a matrix 
material normally found in association with smooth muscle cells. The procedure 
used for final seeding of muscle tissue is given below. All remaining procedures 
took place under a laminar flow hood. 
1) Collagen Coating 
- 3-4 ml of 0.1 M acetic acid containing 100 |j.g/ml collagen (Type I 
from Calf Skin, Sigma) were added to two, 25 cm^ tissue culture 
flasks (Corning 25106, Fisher Scientific Co.). The protein was 
allowed to bind for at least 3-4 hours. Then the excess liquid was 
poured off, and the surfaces of flasks were exposed overnight to 
ultraviolet (UV) light to sterilized the coating. 
- The flasks were rinsed twice with sterile tissue culture water (Sigma) 
and once with HBSS to neutralize any traces of acetic acid. 
- Any remaining liquid was removed with a pipette and the flasks were 
allowed to dry under the laminar flow hood. 
- At this point, the plastic flasks (or the 96 well culture plates used in 
the vibration experiments) could be placed in a -20 C freezer for up to 
one month prior to use. If frozen plates were used, they were allowed 
to warm to room temperature overnight underneath the UV light of the 
hood. 
2) Seeding of Explants 
- The washed tissue pieces were transferred to the coated flasks 
using a glass pipette. Each flask received approximately 25 pieces. 
- Excess fluid was then removed, and the pieces were gently 
distributed about the surface area. 
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- A maximum amount of 1 ml of medium was then return to the flask 
and distributed to cover the entire floor. The medium used throughout 
this study was a modification of that reported by Sumpio and Banes, 
1988b. It consisted of Dulbecco's Modified Eagle's Medium 
(DMEM,4500 ml glucose/L,110 mg sodium pyruvate/L, Sigma), 
containing 10% (vol/vol) Fetal Bovine Serum (FBS, Heat Inactivated, 
Sigma), L-glutamine (0.2 mM, Sigma) and penicillin/streptomycin 
(100 U/ml and 100 ng/ml, Sigma). 
- The flasks were then placed in an incubator at 37°C, in 95% air and 
5 % CO2. 
3) Care of Primary Cultures 
- The medium was changed on a weekly basis until cell outgrowth 
was determined to be great enough for passaging to take place. 
- Non-attached tissue pieces were removed after 7 days. 
V.A.2.b Secondary Culture 
Most of the trials were ready for subculture within 4 - 6 weeks. At this point, 
the cells could be passaged onto to either plain plastic or collagen coated plastic 
with satisfactory results. 
1) Trypsinlzation 
- Once the cells had reached confluency, the medium was removed 
from the flask by pipette, and 3 ml of HBSS (without calcium chloride 
or magnesium sulfate, Sigma) containing 0.1% Trypsin (Gibco) was 
added. The flask was then returned to the incubator. 
- After 5 minutes, the flask was examined using a Nikon DIAPHOT-
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TMD Inverted Phase Contrast Microscope for evidence of cell 
detachment. When cells were for the most part detached, or within 10 
minutes, 4 ml of medium was added to stop enzyme activity. For 
passages that were done onto collagen substrates, it was sometimes 
necessary to use a cell scraper to lift the cells from the surface. 
- The fluid within the flask was titurated vigorously with a glass pipette 
before being transferred to a 15 ml centrifuge tube. The cells were 
then spun down for 10 minutes at 100 g's. 
- The supernatant was poured off and the cells were resuspended in 
the desired amount of medium. 
- Cell counts were determined by using a hemocytometer on a 
sample of cells that had been stained with Azure Blue. An 
appropriate volume of medium was added to the suspension to allow 
for plating at approximately 10,000 cells/cm^. The new flasks were 
then returned to the incubator. 
- Medium on passaged cells was changed every 4 - 5 days. 
After the third or fourth sub-passage, cells were sufficiently numerous 
that passaging was to 75 cm^ flasks. It was possible to obtain upwards of 5 
million cells for a single 75 cm^ flask. This large number was needed when 
evaluation of the quantification method was underway. Medium and other 
chemical quantities needed for passaging to these larger flasks was 
determined by simply multiplying the values given above by three. 
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V.A.3 Identification of Vascular Smooth Muscle Cells 
Although smooth muscle cells do exhibit a characteristic morphology at 
confluency, visual identification of cells growing in vitro is subjective at best. Thus 
positive cell identification in this study was done using immunocytochemistry (ICC) 
techniques. A discussion of the principles of ICC and how they apply to this study 
appears in the results section. 
For the identification of smooth muscle cells the primary antibody used was 
Mouse Monoclonal anti-a-Smooth Muscle Actin. This antibody was supplied in the 
a-SMOOTH MUSCLE ACTIN kit (IMMH 2,Sigma) used for cell identification in this 
study. The outline of immunochemical staining procedures given below is a 
modification of the instructions included in the Sigma kit. A major modification was 
the dilution on a 1:1 basis of the primary antibody with 0.1 M phosphate buffered 
saline (PBS) containing 1% (wgt/v) bovine serum albumin (BSA). This dilution was 
used after initial trials with the primary antibody in the as-provided state resulted in 
excessive background staining. Other minor modifications were made per advice 
from Ms. Cathy Martins, tissue culture laboratory technician. 
The volume amounts given are consistent with covering the surface area, 
1.88 cm2, of one well of a 24 well plate. However, if single point staining were 
desired, these volumes could be cut down by a factor of (2.5). 
V.A.S.a Specimen Preparation 
Various methods of tissue fixation are available. In this study, 
paraformaldehyde was used as described below. 
1) Cells for each animal line to be tested were plated at low 
concentration levels in at least 5 wells of a 24 well plate 24 - 48 hours 
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prior to beginning ICC procedures. 
2) To begin, medium was removed and 300 |il of cold 4% 
paraformaldehyde were added to each well. The plate was then 
placed in a 5°C refrigerator. 
3) After 15 minutes, the fixative was removed, and the cells washed 3 
times with 0.1 M PBS. 
4) Cells were now fixed and ready for staining. 
V.A.S.b Controls 
Controls were run for the primary and secondary antibodies. 
1) A negative control was run for the primary antibody. The negative 
control used normal Mouse serum in place of the primary antibody. 
This serum acts to imitate all the characteristics of the primary 
antibody except for the antigen specificity. Thus, it attaches at all the 
appropriate sites and blocks the secondary antibody from binding. 
Therefore no staining should take place in this well. 
2) Control for the secondary antibody was done by omitting the 
addition of any primary antibody. Thus, when the secondary antibody 
is applied there should be no active sites available since the blocking 
reagent has already bonded with all initial compatible sites. Again, no 
staining should take place in this well. 
V.A.3.C ICC Procedure for Each Well 
1) 250 III of 3% hydrogen peroxide, freshly made from 30% hydrogen 
peroxide, were applied for 5 minutes to quench endogenous 
1 1 2  
peroxidase activity. It was then removed by pipette, and the cells 
were washed 3 times with 0.1 M PBS. 
2) 250 III of blocking reagent were added, and the plate was 
incubated for 10 minutes. The reagent was then removed, but the 
cells were not washed. 
- The blocking agent used was normal goat serum 
(Sigma) 1% (v/v) in 0.1 M PBS containing 1% (wgt/v) 
BSA. 
3) 250 III of Primary antibody or negative control or 0.1 M PBS were 
added, and the plate was incubated at 37°C for 60 minutes. It was 
then removed, and the cells were washed 3 times with 0.1 M PBS. 
- The Primary antibody Mouse Monoclonal anti-a-
Smooth Muscle Actin supplied in the kit was diluted in a 
1 to 1 solution with 0,1 M PBS containing 1% (wgt/v) 
BSA. 
- The negative control used was normal mouse serum 
(Sigma) 5% (v/v) in 0.1 M PBS containing 1% (wgt/v) 
BSA. 
- The wells selected for secondary control had 250 nl of 
0.1 M PBS added to them to prevent dehydration of the 
cells. 
4) 250 III of biotinylated secondary antibody were added, and the 
plate was incubated for 20 minutes. It was then removed, and the 
cells were washed 3 times with 0.1 M PBS. 
- The biotinylated secondary antibody used was Goat 
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anti-Mouse Immunoglobulin in PBS supplied in the kit. 
5) 250 |il of peroxidase reagent were added, and the plate was 
incubated for 20 minutes. It was then removed, and the cells were 
washed 3 times with 0.1 M PBS. 
- The peroxidase reagent used was ExtraAvidin-
conjugated Peroxidase in 0.1 M PBS as supplied in the 
kit. 
6) Substrate reagent was prepared during the incubation period of 
Step 5. 4 ml deionized water, 100 |il Acetate buffer (2.5 mol/L, pH 5), 
50 nl 3-amino-9-ethylcarbazole (AEC) chromogen, and 50 |il 3% 
hydrogen peroxide were mixed together to make the reagent. 
7) 250 |j,l of substrate reagent were added and incubated at 37°C for 
8 minutes. It was then removed. 
- The cells were examined microscopically to check for 
adequate chromogen development before removing 
reagent. 
8) 250 |il of Gill's Hematoxylin were then applied for 2 minutes for 
counterstaining. It was then removed, and the cells were washed 5 
times with distilled water. 
9) 250 M-l of warm glycerol gelatin were added as the mounting 
medium. Wells were then carefully covered with coverslips. 
At this point the cells were ready for observation and photography using a 
Nikon F3 or Panasonic Video camera and the inverted phase microscope: however 
in this instance photographs were made using the bright field, rather than the 
phase setting. When not in use, plates were wrapped in foil, to prevent light 
114 
degradation of the AEC staining, and l<ept at 5°C. 
V.A.4 Quantification of Vascular Smooth Muscle Cells 
This phase of the cell culture work was central to the overall experimental 
goals. Without a reliable and workable method of determining the number of cells 
present in a given situation, it would not have been possible to determine the effect 
of vibration on the growth rates of those cells. The method chosen for this study 
was the alamarBlue™ assay (Alamar Biosciences, Sacramento, CA). Since this is 
a new product with little exposure as of yet, background information on why this 
method was selected instead of other possibilities and details on how the assay 
works will be provided in the results section. 
Basically, the assay works by exposing the cells to an indicator that changes 
color in response to both the number of cells and length of exposure time to the 
cells. The proper exposure time period is dependent on a number of factors, two of 
which were found to crucial: cell type (normal unstimulated growth rates and 
metabolic levels are widely variable) and initial cell plating density. As of the end 
of this study, no data were available in the literature, nor was Alamar Biosciences 
aware of anyone using their assay on vascular smooth muscle cells. Thus, 
although the manufacturer provides a suggested test protocol, it was found to be 
necessary to establish, by investigation, a protocol specifically for the vascular 
smooth muscle cells used in this test. The methodology given below is a product of 
that investigation and the particular needs of the testing program. 
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V.A.S.a Protocol for alamarBlue Assay of Vascular Smooth Muscle Cells 
This outline is written for doing a single 96 well plate assay. The description 
for the use of the assay in a 3 - day vibration experiment is given in VI.B.x. 
1) Plate cells within a 96 well culture plate in the desired pattern and 
numbers 24 hours prior to beginning the assay. 
2) Pre-warm 10 ml of medium overnight and 1 ml of alamarBlue for a 
minimum of one hour in a 37°C incubator prior to beginning the assay. 
- These values allow for 100 \i\ of medium per well and 10 |il of 
alamarBlue per well, with a bit extra in case of spillage, assuming all 
96 wells are to be tested. 
3) Using a small vacuum pump and 250 |.il micropipetter tips, remove the 
medium from each individual well of the test plate and replace with 100 jil of 
fresh, warm medium. 
4) Add 10 |il of alamarBlue to each well to be tested. 
5) Incubate cells for 21 hours at 37°C and 5% CO2 while exposing them to 
the desired environment. 
6) Read absorbance at 562 nm and 595 nm with a Molecular Devices 
Kinematic ELISA as shown in Figure 5.1. 
- The (Xi - X,2) setting will automatically read at both wavelengths and 
then subtract the OD for the second wavelength from the OD for the 
first wavelength to obtain the actual OD for the assay. 
The relationship between OD reading and number of cells can be 
established by use of a plot or linear regression on the data. Since this procedure 
was normally required for every type of test situation done in this study, a 
discussion of how the calibration curve and/or equation is derived is given here. 
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Figure 5.1 ELISA Reader, Computer and Printer Used to Take Assay Readings 
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These steps begin in the first half of step (1) above. 
1) Two to three 50 |LII samples of the original cell suspension are taken. 
2) Each sample is then counted twice using a hemocytometer. 
-The mean of these values determines the total number of cells 
present in the suspension, and hence, the number of cells/ml. 
3)The required concentrations of cells/ml to give the desired number of 
cells/well can then be prepared (i.e. 50,000 cells/ml translates to 5,000 
cells/well at 100 p-l/weil) and added to the appropriate wells at 100 iil/well. 
After Step 6) above, given the known values of the cells/well of the initial plating 
and the OD readings taken after the desired exposure time, 
4) A relationship can be defined as OD = f(cells/weil). 
- This can then be inverted to give cells/well = f(OD). 
The calibration curve or equation that is thus established can then be used to 
translate other OD readings for that set of cells into numbers of cells. For instance, 
in a multiple day tests used in this study, a calibration curve developed from Day 0 
results is used to translate OD readings taken on later days into equivalent 
numbers of cells. This is valid because each day's reading is taken after an 
exposure time to the dye that is identical to that experienced by the plate (wells) 
used to establish the calibration curve. 
V.B Results 
V.B.I Cell Culture from Aortic Explants 
Explants treated with collagenase/elastase solution gave rise to numerous 
cells when the tissue pieces had been seeded onto collagen coated tissue culture 
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plastic. Within 7 - 8 days, cells began to emerge from the adherent explants as 
see in Figure 5.2, taken with the Panasonic Video Camera. 
It should be noted that even with collagen coating, approximately 25 - 40 % 
of the tissue pieces were no longer adherent 7 days after initial seeding. After 14 
days in culture, nearly all adherent explants had given rise to heavy outgrowths of 
cells. Primary cultures han/ested for first passaging at 4 to 6 weeks after 
establishment were found to have from 10^ to 10® total cells in each flask. An 
example of typical cell growth patterns for this age culture is seen in Figure 5.3. 
Four factors appeared to be critical for successful cell outgrowth: 
1) Tissue pieces were kept 1 mm or less in size. The smallest pieces 
normally had the earliest and heaviest appearance of cell outgrowth. 
2) Flasks were coated with collagen to aid in explant adherence. 
3) Minimal amounts of medium were used for the first 24 hours of 
culture. Pieces that were left in a pool of medium were much less 
likely to adhere than those immersed in a minimal amount of medium. 
4) Tissue pieces were removed immediately from enzyme solution to 
HBSS upon their separation from aortic segments. This step served 
to limit enzymatic degradation of the cells in the tissue. 
V.B.2 Identification of Smooth Muscle Cells 
V.B.2.a Morphology 
As stated earlier, it is difficult to differentiate between cells in culture by 
visual inspection. However, at confluence, some do exhibit characteristic 
morphology patterns. In the case of arterial smooth muscle cell culture, a hill and 
valley morphology appears (Figure 5.3). 
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Figure 5.2 Typical Outgrowth at 1 Week (125x). 
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Figure 5.3 Typical Outgrowtli at 6 Weeks. 
Note typical hill and valley pattern (125x). 
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This typical pattern was seen in all successful trials. However, collagen 
coating on the plastic surface can influence morphology as the cells tend to grow 
along collagen pathways. Thus, it is important not to be misled if the hill and valley 
pattern does not appear everywhere in the flask. 
V.B.2.b ICC Basics 
Positive identification of smooth muscle cells was made using ICC 
techniques. Before discussing the results of the ICC testing, it would be beneficial 
to review the basics (Boenisch et al.,1989) of the ICC techniques used in this study. 
Crucial to all ICC techniques is the antibody. In this instance, the anti-a-
Smooth Muscle Actin protein used was an lgG2a immunoglobulin produced by 
monoclonal culture. This antibody binds through ionic interaction, hydrogen 
binding and van der Waals forces with a specific epitope (the structural part of an 
antigen that reacts with an antibody) of smooth muscle alpha actin microfiliments. 
The specificity of antibodies like this one is what makes the entire ICC procedure 
useful. 
The second necessary part of ICC is the use of the enzyme-substrate 
reaction to convert a colorless chromogen into a colored end product. Enzymes 
used in ICC are catalysts made of protein, often with a nonprotein prosthetic group. 
The enzyme used in this study was horseradish peroxidase, which has an iron-
protoporphyrin group attached. This heme group (hematin) is the active site. 
Peroxidase acts by decomposing the substrate (hydrogen peroxide) into water and 
ionic oxygen in the presence of an electron donor (the chromogen AEC was used 
here). The donor is also oxidized in this process. When AEC is oxidized it forms a 
rose-red end product. 
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What make peroxidase useful in ICC is the fact that it can be bonded 
covalently to other proteins, thus, it is possible to enzyme-label an antibody with 
the peroxidase and to detect a specific antigen by use of color changes. A tissue or 
cell culture sample is first exposed to the enzyme-labeled primary antibody which 
binds with the appropriate epitope. Then, the sample is exposed to the substrate 
and chromogen and examined under the microscope for color change. 
One problem with this direct method is the lack of signal amplification since 
staining involves only one labeled antibody. Other methods, such as the two or 
three step indirect methods, soluble enzyme immune complex method, and avidin-
biotin method, have been developed to enhance sensitivity. Each of these methods 
provides a great improvement in sensitivity over the direct method. The approach 
used in this study is called the Labeled Avidin-Biotin (LAB) technique This method 
takes advantage of the tremendous affinity, one million times that of an antibody for 
most antigens, between avidin (or streptavidin), a large molecular weight 
glycoprotein, and biotin, a small molecular weight vitamin (10). Avidin has four 
binding sites for biotin, although molecular orientation may result in less then four 
molecules of biotin binding. 
The LAB method (Figure 5.4) uses a biotinylated secondary antibody, the 
goat anti-mouse Immunoglobulin which has had biotin covalently bonded to it. It is 
applied after the primary antibody. Now, many more sites are available for binding 
with the peroxidase-labeled avidin. This allows for enhanced chromogen 
conversion by the peroxidase enzyme. In summary, 
- Excess hydrogen peroxide quenches endogenous peroxidase 
activity. 
- The blocking reagent, normal serum from the same animal source 
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Figure 5.4 Enzyme-labeled avidin (LAB) reacts with 
biotinylated secondary antibody (Boenisch,et.al.,1989). 
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as the secondary antibody, binds with appropriate antigens. 
- The primary antibody binds with the specific epitope on the target 
antigen. 
- The biotinylated secondary antibody binds to the attached primary 
antibody but not with the sites covered by the blocking reagent. 
- The enzyme-labeled avidin binds with biotin sites on the secondary 
antibody. 
- Peroxidase catalyzes hydrogen peroxide and oxidizes AEC 
chromogen resulting in a specific color change. 
V.B.2.C Results of ICC Application 
When cells were treated in the manner described in the methods section, the 
characteristic smooth muscle fibrillar pattern of staining was seen, as shown in 
Figure 5.5 for the first of four animal cell lines (trials) used in this study. 
Photographs of the remaining three trials are presented in Appendix D. Similarly 
treated advential fibroblasts, as shown in Figure 5.6, did not exhibit this staining 
pattern. 
The negative and secondary controls for the first trial are shown in Figure 
5.7, a & b. The controls for this trial show little, if any, staining as expected. It is 
obvious that the actin fibers were not stained as they are not visible in these control 
wells, although they are obvious in the test wells. Remaining controls are located in 
Appendix D. 
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Figure 5.5 - ICC staining characteristic of isolated 
smooth muscle cells for Trial 12 (300x). 
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Figure 5.6 - ICC staining of advential fibroblast cells 
with anti-a actin primary antibody (300x). 
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Figure 5.7 a) Negative control for primary antibody for Trial 12 
Primary antibody was replaced with normal mouse serum (300x). 
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Figure 5.7 (continued) b) Control for secondary antibody for Trial 12 
Primary antibody was left out of ICC (300x). 
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V.B.3 Quantification of Vascular Smooth Muscle Cells 
Since the assay method used to obtain numerical values for the 
determination of growth rates is relatively new, a full discussion of the reasons for 
its selection and mode of operation is appropriate. After that background 
information, an overview will be given of the results obtained during the 
determination of an appropriate protocol. 
V.B.S.a Comparison of Assay Methods 
There are numerous methods available to quantify vascular smooth muscle 
cells. These include BRDu labeling, tritiated thymidine labeling, MTT analysis, cell 
counters such as the Coulter Counter (a flow cytometer) and the hemocytometer, 
and image analysis. All of these methods have been used in studies of vascular 
smooth muscle cells. However, each of them has one, if not several major 
drawback. BRDu is extremely expensive, and MTT and image analysis 
moderately so. Thymidine is radioactive. Ceil counters require that the cells be 
removed from the well. This proved to be extremely difficult to do once the cells 
were attached to the collagen coated wells of a 96 well cell culture plate. In every 
case, the cells undergoing the quantification procedure are either destroyed 
outright (MTT) or are rendered useless for continued testing. The end result being 
that a separate set of cells must be available for each data point. 
Using these techniques for a test of many days duration, such as the ones 
done in this study, would mean that for each day that a reading on cell numbers 
was needed to evaluate growth rates, a separate cell culture plate would have to 
be available. In this instance, a 3 day test with readings on Days 0, 1,2, and 3 
would require 4 experimental plates with 3 of them being subjected to the same 
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vibratory regime at the same time. Day 0 is read before vibration is applied. Thus 
the supporting plate would have had to been able to carry 3 culture plates instead 
of one, while still meeting transmission and rigid body constraints plate. A heavier 
and more expensive shaker would have been required to carry the increased mass 
load. An additional 4 control plates would have also been needed. At this point, 
the numbers of cells needed for each test plus the amount of testing chemicals 
required would have become rather large. 
Perhaps, the most compelling reason for rejecting ail of these method was 
the availability of a new technique for quantifying cells that does not affect the cells 
and allows for retention of the same set of cells for the duration of the testing 
period. It is extremely advantageous to use the same set of cells for the entire test, 
as opposed to using different sets and then assuming that the response of the 
individual sets is the same as that of a single set. This advantage is sufficiently 
great to encourage the selection of, perhaps, a less precise test method over 
another destructive approach. That is why the alamarBlue assay was chosen for 
this study. 
V.B.3.b alamarBlue™ Assay Characteristics 
This assay allows for long term, continuous monitoring of cell cultures. The 
assay uses an oxidation-reduction (Redox) indicator that changes from blue to red 
as the innate metabolic activity of growing cells causes the growth medium to 
become reduced. This reduced environment acts to pull oxygen molecules off of 
the indicator molecule. Continued growth, or increased number of cells, causes an 
even greater reduction in the medium, and therefore a greater change in the Redox 
indicator. Readings can be made with either fluorescence- or absorbance- based 
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instrumentation (Fields and Lancaster, 1993). The suggested level for reading 
absorbance is 570 nm (reduced wavelength). Since there is some overlap with the 
600 nm (oxidized or background wavelength) level, the manufacture suggests 
subtracting the 600 nm reading from the 570 nm reading to optimize the output. 
The reduced state value is thus obtained as 
®'^overall ~ 0^^570 nm ~ ^^600 nm (5 -1 ) 
where OD = optical density or specific absorbance. 
The device used in this study to take absorbance readings was a Molecular 
Devices Kinematic ELISA which is an automated spectrophotometer capable of 
reading 96 well culture plates. Filters at exactly 570 and 600 nm were not 
available; therefore, the two wave lengths actually used in this study were 562 nm 
and 595 nm. Dr. R. D. Fields of Alamar Biosciences was contacted about this 
change in the procedure. She felt that the results should be comparable to the 
570/600 readings. Soft Max™ was the data acquisition program used to acquire 
and process the OD readings. 
Another advantage of this assay is that its response, change in OD, is fairly 
linear for a wide range of cell numbers (Fields and Lancaster, 1993; Page et al., 
1993; Ahmed et al.,1994). This linear response occurs while the indicator is still 
actively changing. However, the length of time over which the indicator will 
continue to show in increase in OD with increasing cells numbers is extremely 
variable. Papers have reported exposure times ranging from 1 hour to 72 hours 
when reading absorbance (Fields and Lancaster, 1993; Page et al., 1993; Ahmed 
et al.,1994). Up to 7 days exposure with increasing fluorescence readings has 
been reported (Fields and Lancaster, 1993). 
The change in readings is a caused by the change in color. Immediately 
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after adding the dye to the medium in the well, the color is blue. As the reducing 
atmosphere pulls oxygen molecules from the indicator, the color gradually changes 
to purple, lavender, light pink, and finally the bright dark pink of the maximum 
absorbance point. However, there is a finite amount of indicator available; 
therefore, a limit to the top absorbance reading that can be obtained. In addition, 
after reaching the maximum level, a "clearing" of the liquid can occur because 
there is insufficient oxygen remaining to keep the indicator at its brightest level. 
Thus the absorbance readings will begin to decrease even though the number of 
cells is constant or increasing (Fields, 1994). 
In essence, this "clearing" effect sets an upper limit on the exposure time 
and can generate another problem which shall be termed "compression". 
Compression can occur when the number of cells/well gets great enough to cause 
falsely lower readings due to clearing. Figure 5.8 illustrates the two different ways 
compression manifests itself. Example 2 demonstrates a lower than expected 
reading, while Example 1 shows the worst case in which the reading for a greater 
number of cells is lower then that for a lesser number of cells. 
Compression can be a real problem in multiday tests. If cells proliferate at a 
high enough rate, OD readings for the later days of a 3 day test can be lower than 
reality says they should be. In the worst case, which was seen in one evaluation 
test, an OD reading was below the previous day's reading. This could have been 
due to either clearing, or cell death. Subsequent trypsinization and staining with 
Azure Blue confirmed that the cells were still viable and that the compression had 
been caused by clearing. Alamar Biosciences confirmed that this is a known 
problem with this assay. 
However, if a very short exposure time is selected to assure that all the 
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Figure 5.8 Example of Compression Seen in alamarBlue Assay 
readings will be taken in the linear response region, sensitivity will be sacrificed. 
Sensitivity may be defined as 
AOD .. (5.2) Sensitivity = — 
thousand cells 
There is another variable that enters into the exposure time - sensitivity -
compression - output equation, and that is the initial plating density (cells/well) of 
the cells. Naturally, if the rate of change of color is dependent on the number of 
cells present, then that rate is also dependent on the number of cells initially 
present in the well. As will be shown later, the standard deviation (a) in OD 
translates to a sizable number of cells. As an example, a typical a of 0.020 found 
during testing using alamarBlue can translate to approximately 500 cells. The 
exact amount depends upon the calibration curve determined for that test run. This 
number would translate to a variability of ± 2.5 - 20 % based on a range of 20,000 
cells down to 2,500 cells. This range covers the numbers used in vibration testing. 
This number of cells for a is in line with the numbers quoted by studies using other 
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methods of quantification. Thus, this assay is comparable to other techniques in 
terms of variability: 
• ± 2.5 - 20 % using alamarBlue assay (present study), 
•  ±5-7.3 % using a hemocytometer (Burke and Ross, 1977), 
•  ±2.5-10 % using a hemocytometer (Owens,et.al. ,1986). 
• ± 5.5 - 36 % using thymidine (Sumpio and Banes, 1988b), 
•  ±10-23 % using a Coulter Counter (Owens,et.al. ,1986), and 
In all cases the smaller percentages occurred with the largest number of cells (up 
to 50,000 in some cases) while the large percentages were associated with the 
smallest number of cells (on the order of 3,000 or more). 
The value for CT is fairly constant for a 10 fold change in numbers of cells (i.e. 
5,000 to 50,000). For statistical purposes, the advantage of working with more 
cells is that a translates to a smaller ± percentage of the total number of cells. It 
also makes identifying a difference as significant more likely. However, as initial 
plating density increases so does the likelihood of compression. Tradeoffs must be 
made to optimize the output. 
V.B.3.C Evaluation of alamarBlue Assay for Vascular Smooth Muscle Cells 
A study was conducted to determine the best exposure time and initial 
plating density for the vascular smooth muscle cells used in these experiments. 
Recall that readings for the vibration tests were to be taken at 24 hour intervals on 
Days 0,1, 2, and 3. Thus, looking at the results for a single exposure would not be 
sufficient. A test of similar duration would eventually be required. 
Testing of the alamarBlue assay was done in several ways. 
• Determine variability in OD readings due to non-cell related factors. 
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• Single point test to confirm a linear response in OD readings to numbers of 
vascular smooth muscle cells. 
• Multi-day test to confirm that the presence of alamarBlue in the medium has no 
effect on the normal growth rate of vascular smooth muscle cells. 
• Multi-day test to determine the optimum exposure time and initial plating 
density. 
• Multi-day test to identify the existence of compression problem in a test using a 
shorter exposure time. 
Each of these areas will now be examined. In every instance, the cell 
culture plates had been coated with collagen per the instructions given in V.A.2.a: 
Step 1, except that only 74 jil of collagen was added to each individual well. This 
was done to insure a valid extension of the results to the vibration testing, where 
collagen coated plates would also be used. 
V.B.S.c.i Variability in OD Readings Due to Non-cell Related Factors. 
There were three elements besides the cells themselves which could 
possibly contribute to the variability of OD readings : the plastic of the culture plate, 
the medium, the medium plus the dye, and PBS plus dye. Each was evaluated 
using the ELISA reader at 562 nm. The results are given below for n = 16 wells. 
1) culture plate: a = <0.000 
2) medium alone: a = 0.025 
3) medium plus dye: o = 0.028 
4) PBS plus dye; a = 0.014 
These results demonstrate that the plate and the dye have no or little effect on 
variability. However, the medium plus dye could possibly contribute significantly to 
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variability in the readings. This was something that had to be accepted since the 
medium was fixed for the experiment. Subtracting the background reading at 595 
nm reduces the variability in readings containing dye by =1/2. 
V.B.S.c.ii Linear OD Readings for Vascular Smooth Muscle Cells 
Most cells will exhibit a linear change in OD readings with increasing 
numbers of cells. To determine if this applied for vascular smooth muscle cells, a 
suspension of these cells was obtained and the procedure as given in V.A.3.a was 
followed with the following exceptions. Since determination of an optimum 
exposure time had yet occurred, the manufacturer's suggest time of 4 hours was 
used. Therefore, after 4 hours, the ELISA was used to take readings. For these 
tests, a background wavelength of 650 nm instead of 595 nm was used due to 
mislabeling of the filters. This was discovered and corrected before vibration test 
data were taken. The results of the tests are still valid to answer the question of 
linearity. 
The results of this test for two different animal cell lines are presented in 
Figure 5.9. As can be seen on this plot, the change in OD readings for increasing 
numbers of cells is linear for vascular smooth muscle cells. Each data point is the 
mean value of 12 or 24 wells (Animal 1 and Animal 2, respectively) which had 
been plated with a specific number of cells. Linear regressions performed on the 
two data lines showed each had r values of 0.94 or greater. These high r values 
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Figure 5.9 Linear Response of Cells to alamarBlue 
V.B.S.c.iii Long Term Effect of alamarBlue on Growth Rates 
Another question that needed to be answered before using this dye in long 
term vibration testing was whether or not the dye, on its own, had an effect on the 
growth rates of vascular smooth muscle cells. Three plates (n = 3) were set up with 
5000 cells/wells in the fashion indicated in Table 5.1 for a 3 day test. Each column 
contained 8 wells. Comparison of results was done using the mean OD readings 
for the 24 wells (3 columns * 8 wells = 24 wells) of each group. The assay 
procedure was done as described in V.B.3.C.2 . Change of medium and the 
addition of dye, as required, on days 1-3 was done each day at the same time. 
By setting up the test plates in this way, it was possible to test two 
hypotheses: 1) that the presence of the dye for 4 hours would not affect the growth 
rate, and 2) that the continuous presence of dye would not affect the growth rate. 
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Table 5.1 Plate Set-up for Long Term Effects of alamarBlue dye 








1 -3 Experiment 1 Day 0,1,2,3 before & after 
reading 
0.032 
4 - 6  Control 1 Day 0,3 before and 
after reading 
0.029 
7 - 9  Experiment 2 Day 0,1,2,3 before 
reading 
0.031 
10-12 Control 2 Day 0,3 before 
reading 
0.033 
^Trends for ail test groups were linear. Over all slope reported Is the mean slope 
for all three plate for that particular group. Where slope = (ODday 0 - ODday 3)/3 
days. 
The medium in the control wells was changed at the same time as for the 
experiment wells even though dye was not added. OD readings were taken for all 
wells of the three plates each day. 
Analysis of results focused on the change in OD readings as a function of 
number of days in culture, i.e. 
Slope = (AOD/day). 
This number is directly a function of the growth rate of the cells. Statistical analysis 
failed to reject the hypothesis that the overall slopes for all four cases were the 
same, at a significance level of a = 0.05, n = 3. This means that the prolonged 
presence of alamarBlue dye had no effect on the growth rates of vascular smooth 
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muscle cells. 
V.B.3.c.iv Determination of Optimum Exposure Time and Initial Plating Density 
The results of the experiment to determine the optimum exposure time and 
initial plating density for a 3 day long test using vascular smooth muscle cells were 
crucial to the core testing of this study. The goal of this particular investigation was 
to maximize the sensitivity of the assay without causing severe compression 
problems during the last days of the test period. These two goals, as discussed 
before, are not very compatible. 
Two collagen coated test plates were plated with initial cell densities as 
shown in Fig. 5.10. These densities were comparable to other studies on the 
growth rates of these cells; 3200 cells/well (Sumpio and Banes, 1988b) and 12800 
cells/well (Owens et al.,1986), which used other methods of quantification. Cells 
from two animals (A and B) were used on each plate. These were not from the 
same animals as appeared in Fig. 5.9. 
After 24 hours, dye was added to all wells in the normal fashion. Readings 
were taken on Plate 1 every hour for 12 hours and every 3 hours for 12 hours on 
Plate 2 on the first day. Since little change occurred hour-by-hour, the focus will be 
on the 3 hour readings are reported. A final reading was taken at 24 hours before 
deciding on the course of the rest of the experiment. Fig. 5.11 is a plot of the first 
day's (Day 0) results for Animal A. 
From this plot it is evident that considerable change is still occurring after the 
nominal 4 hour exposure time. In fact, the lowest initial plating set had not yet 
reached its plateau after 24 hours, while the higher platings had reached that level 
and had begun to clear. 
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Figure 5.10 Template for Culture Plates for Optimization Study. 
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Figure 5.11 Plot of Day 0 Results for Animal A 
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It is also evident that the sensitivity (AOD/1000 cells) increases with exposure time. 
So, it was necessary to decide wheter to use increased numbers of cells for the 
initial plating to increase the sensitivity with less exposure time, or start with fewer 
cells and take readings after a longer exposure time. Since this experiment was 
set up and running it was decided to investigate using a longer exposure time. 
The times selected were 9,12,15,18,21,24 hours for what would be in 
essence Day 2 of the test. The medium was not changed nor was fresh dye added 
until hour 38 of Day 0 so the first new reading could take place after 9 hours of 
exposure to the dye. No readings were taken on Day 1 was really skipped. 
It was after this decision was made that the mislabeling of filters was 
discovered. A reading at 31 hours, Day 0, was done to determine the effect of 
using the proper background filter. A comparison of readings for Animal B for one 
plate is shown in Fig. 5.12 where number of cells refers to the initial plating density 
for that set of wells and not the current number of cells in the well. The relationship 
for the other plate is comparable. 
As can be seen from this plot, using the proper background wavelength 
almost doubles the sensitivity of the scale from 0.0167 OD/1000 cells to 0.0277 
OD/1000 cells. This is a great improvement. All subsequent values reported were 
obtained using 562 nm - 595 nm settings on the ELISA. 
Readings were taken at the times given above for Day 2. Medium was 
changed and fresh dye added at hour 24 of Day 2. Readings for Day 3 were then 
taken at 9, 12, 15, and 21 hours exposure time. Mean OD readings are given in 
Appendix E.I. Examination of the data led to the following conclusions. 
• Even after only 9 hours exposure, all dilutions for Animal A experienced 
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Figure 5.12 Comparison of CD readings Using Two Different 
Bacl<ground Wavelengths 
- Therefore exposures for a maximum initial plating density of 5000 cells/well 
must be less then 9 hours for a 3 day test using the alamarBlue assay. 
Cells for Animal B had an initial attachment far below that of Animal A. 
- This can be seen by comparing the numbers for A and B for the same 
dilutions. Earlier runs had shown these two cell lines to have very similar 
OD vs. number of cells relationships. 
Animal B cells attached at one quarter the rate of Animal A for this run. This 
would be equivalent to quartering the dilutions used to plate the cells. 
- OD readings for A: Day 0, 20,000 cells/well, mostly closely match readings 
for B: Day 0, 5,000 cells/well. 
- Therefore actual platings of B cells were closer to 1250, 2500, 3750, and 
5000 cells/well. 
Only the highest revised initial plating density for Animal B showed fall-off in OD 
readings. The lower densities showed good increases in OD between Day 2 
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and Day 3 for all exposure times. 
• The best combination of change in OD reading with time and with number of 
cells (sensitivity) was found for an initial plating of 2500 cells/well and an 
exposure time of 21 hours. 
Therefore an initial plating density of 2500 cells/well, and an exposure time 
to alamarBlue dye of 21 hours was selected for the vibration tests. 
V.B.3.C.V Compression in Multi-day Tests with Shorter Exposure Times 
Approximately half way through the vibration testing, concerns arose over 
the effect of compression on the results. If a better than normal attachment of cells 
occurred with the initial plating, compression would occur between Day 2 and Day 
3 readings. Before deciding that a new protocol using a shorter exposure time 
should be used, which would necessitate rerunning of all the tests run under the 
old protocol, a sample three day test using shorter times was run. If this test had 
produced differenct results, i.e. no compression yet maintained good sensitivity, 
then a decision to rerun or not would have been necessary. It would have shown 
that the assay as conducted had a flaw that significantly changed the results, and 
most importantly, the conclusions that would be drawn from those results. 
A test plate was set up using two cells lines with the dilutions of cells/well as 
shown in Figure 5.13. Medium was changed and dye was added 24 hours after 
plating, and at 24 hour intervals for the next three days. The plate was not 
subjected to any vibration. 
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Animal A Animal B 
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15000 15000 
Figure 5.13 Template for Culture Plates for Compression Study. 
Numbers refer to number of cells per well in that block. 
Readings were taken after 4 and 12 hours of exposure on Day 0, 4 hours on 
Days 1 and 2, and 4 and 12 hours on Day 3. Data, mean OD readings, for this test 
are recorded in Appendix E.2. 
The data shows that compression occurs on Day 0 for the higher densities 
after 12 hours exposure but hot after 4 hours. Compression also occurs between 
Day 2 and 3 for even the lowest initial density, 2500 cells/well, and the shortest 
exposure time, 4 hours. This matches the pattern that had been observed during 
vibration testing: 1) good (expected) increases in OD reading, i.e. cell numbers, for 
Day 1 over Day 0, 2) good (expected) increases in OD reading, i.e. cell numbers, 
for Day 2 over Day 1, and then 3) relatively smaller increases for Day 3 over Day 2. 
Thus, it was concluded that compression, to one degree or another, is 
inherent in the assay system as used with these type of cells. Therefore it was 
decided that a decrease in exposure time will not significantly improve the results 
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of the tests; therefore, changing the protocol would not improve the likelihood of 
obtaining significant conclusions. Thus, testing proceeding using the same 
protocol as before. 
V.C Discussion and Conclusions 
This study presents a reliable and efficient method for the isolation, culture, 
identification and quantification of rat aortic smooth muscle cells. Other 
laboratories have reported on obtaining vascular smooth muscle cells by the 
complete enzymatic digestion of the muscle tissue (Owens,et.al.,1986:Geisterfer, 
et.al.,1988,Blank,et.al.,1988) or by removal of muscle tissue (Burke and 
Ross,1977;Ross,1971;Sumpio and Banes,1988b) without enzymatic incubation of 
the vessel first. In the first situation, the problem of death of cells due to prolonged 
exposure to enzymes may arise, leading to small yields of cells from each subject. 
Personal experience with the second approach showed that it was very difficult to 
separate the muscle tissue from the attached advential tissue without the use of a 
short incubation period in a collagenase/elastase solution. When tissue samples 
were taken without this incubation, some adherent advential tissue was also taken. 
This resulted in the growth of fibroblasts in culture which overwhelmed any muscle 
cell growth. 
Using the explant technique describe in this report, a minimum of 10® 
smooth muscle cells were ready for subculture at the end of 4 weeks in each of two 
flasks. These cells could then be grown to desired numbers for experimental use 
in subsequent subpassages. 
Identification of vascular smooth muscle cells was done using ICC 
techniques with an antibody specific for smooth muscle actin. The vast majority of 
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cultured cells showed the staining characteristics associated with smooth muscle 
myofiliments. These results using anti-a-Smooth Muscle Actin antibody are 
sufficient to conclude that the cultures obtained and used in this study were 
basically a homogenous population of rat aortic smooth muscle cells, and that 
these cells were appropriate for use in experimentation on the effects of vibration 
on the growth rates of vascular smooth muscle cells. 
Quantification of vascular smooth muscle cells was done using the 
alamarBlue™ assay. While there were some inherent problems, notably 
compression, the advantage of completing a multiple day test on the same set of 
cells outweighed the disadvantages. This assay was found to provide a linear 
response with respect to changes in cell number. It was also found to have no 
direct effect on growth rates. For the cells and test program used in this study, an 
initial density of 2500 cells/well along with a 21 hour exposure time were found to 
provide a good degree of sensitivity with some compression to be expected by the 
third day of the test. The evaluation of this quantification method supports the 
conclusion that the alamarBlue™ assay is a simple and reliable method for 
quantifying the number of vascular smooth muscle cells in the test format of this 
study. 
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VI. THE EFFECT OF VIBRATION ON THE GROWTH RATE OF 
VASCULAR SMOOTH MUSCLE CELLS IN VITRO 
VI.A introduction 
The objective of all the preliminaries discussed earlier in this dissertation 
was to lay the groundwork for the set of experiments discussed in this chapter. In 
these experiments, rat aortic smooth muscle cells were subjected to specific 
frequencies and amplitudes of vibration. The objective of the test setup and 
procedure was to mimic the estimated flow induced amplitude and frequency of 
motion that the arterial wall experiences in regions associated with the 
development of atherosclerosis. Current thinking is that these sites are associated 
with localized disturbed flow containing regular vortex formations. 
The first section presents the methodology used in running and selecting the 
order of 12 tests. Next, the results of these tests and the statistical analysis of the 
results are presented in terms of the difference between cell numbers in the 
experiment and the control culture plates. The next sections presents a traditional 
analysis of the data and demonstrates why this approach was not succesful in this 
instance. In closing, results are discussed and conclusions are made concerning 
the effect of dynamic environment on the growth rate of vascular smooth muscle 
cells. 
VLB Materials and Methods 
This section will make frequent references to earlier portions of this paper 
where the details on the vibration test stand and the procedures concerned with the 
cells used in the study were discussed in detail. 
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VI.B.1 Cell Culture, Identification, and Quantification 
Vascular smooth muscle cells from rat aortas were obtained, cultured and 
positively identified as smooth muscle cells prior to beginning vibration testing per 
the procedures given in Chapter V. Cells from passages four through twelve were 
used in the testing. Determination of cell numbers for the three day test was done 
using the alamarBlue™ assay as also discussed in Chapter V. Details of how the 
assay was incorporated into the vibration testing are given in the next section. 
VI.B.2 Vibration Test Procedure 
The protocol used to run the vibration experiments breaks down into tasks 
that must be performed in the same sequence and at the same time of day for that 
day's tasks for each test. This protocol will be presented in chronological order, 
where Day 0 stands for the day and time where the starting point readings for each 
separate vibration test were taken. The cell plates were then subjected to the 
appropriate stimulus for the remainder of the three day test. A complete description 
of the vibration test stand used in this study, to either apply or eliminate vibration, is 
given in Chapter IV. 
Day (-3) : 
• Remove three, 96 well cell culture plates that have previously been coated with 
Type 1 collagen (V.A.2.a) from the -20°C freezer and allow them to warm to 
room temperature overnight under ultraviolet lights in the laminar flow hood. 
All exposed work with the cells takes place under a laminar flow hood. 
Day (-2) : 
The preparation of the test plates was done in the morning. On all days where 
liquids such as medium, Trypsin in HBSS or dye are brought into contact with the 
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cells, these liquids were removed from their 5°C storage environment and warmed 
to 37°C in an incubator prior to use. To prevent degradation of the L-glutamine, 
care was taken not to leave medium at 37°C for prolonged periods of time. 
The plate preparation procedure given below was followed precisely for 
each test point to minimize artifacts in the results. 
• Use 0.1 % Trypsin to prepare suspensions of the two cell lines to be used in the 
test run (V.A.2.b). 
• Take two, 50 |il samples from each suspension. Add 50 |il of azure blue to each 
sample. Count each sample twice using a standard hemocytometer. 
Determine the total number of cells and cells/ml present in each suspension. 
The calculation outline given in Appendix B.5 was used to make up the required 
dilutions for each cell line. The templates for the three culture plates required 
for each test point are given in Figure 6.1 on the following page. 
• Label the lid of each plate appropriately and place the three plates on the top 
shelf of the test stand CO2 incubator. 
This work should be completed around midday. 
Day (-1) : 
12 PM 
• Remove the medium from all three plates using a small vacuum pump with 250 
|il pipette tips and replace with fresh medium (V.A.3.a). 
• Add 10 ^il alamarBlue dye to each well. 
• Return the plates to the incubator. 
Day (0) : 
9 AM (21 hours exposure time to the dye) 
• Take readings of all three plates using the A,1 - X2 = 562 - 595 nm setting on the 
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Figure 6.1 Templates for Three Culture Plates: 
(a) Calibration Plate, (b) Experiment Plate, and (c) Control Plate. 
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ELISA reader (V.A.S.a). 
• Set the controls on the vibration exciter control to standby and the level control 
fully counter-clockwise. 
• Place the control plate upon the control isolation shelf at the location marked 
with waterproof tape (IV.B.1). 
• Place the experiment plate on the supporting plate and secure the plate, with lid 
on top, to the supporting plate with four pieces of waterproof tape (IV.B.1). 
- The calibration plate may be disposed of at this point. 
• Set the desired frequency on the controller, and then turn the power switch to 
operate. Adjust the level control until the output voltage from the accelerometer, 
as read on the DMM, reaches the desired value (IV.B.2.b). 
- The range setting on the level control should be 10 m/s2 for the lowest four 
acceleration points and 100 m/s^ for the remainder of the points. 
12 PM 
• Set the controls on the vibration exciter control to standby and take the two 
plates from the incubator. 
• Remove the medium from all three plates using a small vacuum pump with 250 
|il pipette tips and replace with fresh medium. 
• Add 10 |j,l alamarBlue dye to each well. 
• Return the plates to the incubator and switch the controller back to operate. 
Day (1) : 
9 AM (21 hours exposure time to the dye, 1 day exposure to test condition) 
• Set the controls on the vibration exciter control to standby. 
• Take readings of both plates using the Xi - A,2 = 562 - 595 nm setting on the 
ELISA reader (V.A.S.a). 
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• Return the plates to their appropriate positions. Turn controller switch back to 
operate. 
12 PM 
• Follow 12 PM procedure above to add fresh medium and dye. 
Day (2) : 
9 AM (21 hours exposure time to the dye, 2 day exposure to test condition) 
• Follow 9 AM procedure given above to take Day 2 readings. 
12 PM 
• Follow 12 PM procedure above to add fresh medium and dye. 
Day (3) : 
9 AM (21 hours exposure time to the dye, 3 day exposure to test condition) 
• Follow 9 AM procedure given above to take Day 3 readings. 
The three day test for this set point is now complete. This cycle was 
repeated for all 12 tests. Preparations for subsequent tests overlapped the tests 
currently being run. The most efficient use of time allowed for one test to be 
completed every three days, as shown below, once testing had begun. 
Test 1: Day (-3) => Day (-2) => Day (-1) => Day (0) => Day (1) => Day (2) => Day (3). 
Test 2: Day (-3) => Day (-2) => Day (-1) => Day (0) 
=> Day (1) => Day (2) => Day (3), 
Test 3: Day (-3) 
=> Day (-2) => Day (-1) =» Day (0) => Day (1) => Day (2) => Day (3). 
Thus, with proper coordination, the Day 0 reading for the following test could be 
taken on the same day as the Day 3 reading for the current test. 
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Vi.B.3 Vibration Test Matrix 
The process used to select the matrix of vibration test points and the points 
selected were given in V.A.I and Table 4.5. Some changes to the actual points 
selected for testing were made due to the use of statistical methods to design the 
final testing matrix. The design selected was 2^ factorial design with two 
replications at the center point for a total of ten runs (Stephenson, 1994). A 2^ 
design means that there were two factors (independent variables) which were 
tested at two levels (a "high" and a "low" value) for a total of eight tests. Two 
additional points run at the center point would check for cun/ature. Figure 6.2 
presents the treatment combinations. Table 6.1 contains the random order in 
which the ten tests were run, and the cell line pairs which were used in each test. 
Each of the four animal cell lines was subjected to all five test conditions in 
the original set of runs. Test points were run using cells from four animals for a 
replication of r = 4, as will be discussed in VI.D.1. In addition, two more runs were 
made at 45 Hz and 12 nm, after statistical analysis of the original set of runs was 
done, giving r = 8 for that single test condition. 
VI.C Results - Cell Count Data Presented as a Difference 
The data as presented and discussed in this section takes advantage of the 
fact that controls are available for every test point. Recall that the control plate was 
isolated to eliminate vertical rigid body motion of the plate, and hence of the cells. 
Examination of all the available data should take the form of looking at the 
difference between the experiment plate and the control plate for each test point. 
This is the viewpoint that will be used for the statistical analysis of the data and for 
drawing conclusions about the significance of the results. 
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O Replication 1 • Replication 2 
Figure 6.2 2^ Factorial Design with Center point 
Table 6.1 Vibration Test Run Order 
Test Number Frequency (Hz) Amplitude (um) Cell Line pairs 
1 15 4 12/14 
2 45 12 12/14 
3 15 12 12/14 
4 15 12 13/15 
5 45 4 12/14 
6 45 12 13/15 
7 15 4 13/15 
8 45 4 13/15 
9 30 8 13/15 
10 30 8 12/14 
11 45 12 12/14 
12 45 12 13/15 
(30 Hz) 
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A more complete discussion of this form of data treatment may be useful. If 
the treatment, vibration, has a significant effect on the growth rate (A number of 
cells/day), then the slope of the difference between the number of cells in the 
experiment plate and the number of cells in the control plate will be positive. This 
means that the slope of this difference, when plotted versus the day of experiment, 
will be significantly greater then zero. In this instance, significant means based on 
statistical analysis at a 95% probability level. The results of this analysis are given 
in VI.D. Plots of the differences are given in Figures 6.3 through 6.8. 
A comparison of the average response of all four cell lines is presented in 
Figure 6.9. This plot could lead to the preliminary conclusion that the slopes for 
both the 15 Hz and 12 |j,m condition and the 45 Hz and 12 nm condition are 
different from zero. However, it is not possible from casual observation to 
determine if either of these two, one of the others, or none of the conditions exhibits 
a slope that is statistically different from zero. 
What is really of interest in this study in not the absolute difference in the 
number of cells present at any one time, but the rate of change of the difference 
with respect to time. This was looked at in two ways. 
(1) Linear regression on each cell line for each data point to obtain the best 
fit linear slope of the difference curves. 
(2) Examination of the slopes between each pair of days: 0 and 1, 1 and 2, 
and 2 and 3. 
The results of linear regression performed on each curve and the individual slopes 
are given in Appendix F.2. The statistical analysis of this data is presented In VI.D. 
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Figure 6.3 Effect of 15 Hz & 4 |j,m on (Experiment - Control) Growth 
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Figure 6.4 Effect of 15 Hz & 12 um on (Experiment - Control) Growth 
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Test Point : 45 Hz & 4 um 
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Figure 6.5 Effect of 45 Hz & 4 |am on (Experiment - Control) Growth 
Test Point : 45 Hz & 12 um 
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Figure 6.6 Effect of 45 Hz & 12 |j,m on (Experiment - Control) Growth 
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Test Point : 30 Hz & 8 um 
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Figure 6.7 Effect of 30 Hz & 8 |im on (Experiment - Control) Growth 
Repeated Test Point : 45 Hz & 12 um 
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Figure 6.8 Effect of 45 Hz & 12 [im on (Experiment - Control) Growth 
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Figure 6.9 Comparison of Ceil Response to Different Levels of Vibration in Terms of Difference Between 
Experiment and Control 
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VI.D Statistical Analysis of Cell Count Data Expressed as a 
Difference 
The primary statistical analysis of the difference test data addressed the 
response of the experiment plate with respect to the motionless control plate. 
Analysis was done in two ways: straightforward ANOVA using a model of 
frequency, amplitude, and frequency/amplitude interaction and linear regression to 
test for the significance of the slope of the differences. 
ANOVA, and Student's t-test, were used for the 2^ experiment to check for 
the effect of the treatments on the response variable, slope. In brief, using this 
approach on this data set showed no significant relationship between the linear 
regression slopes or the between day slopes and frequency, amplitude, or the 
interaction of frequency and amplitude at a 95 % probability level ( a = 0.05). SAS 
output is included in Appendix F.3. In no case did the t-test reveal any significant 
difference between the treatment groups. 
The other statistical method used to determine the effect of vibration on the 
growth rates of vascular smooth muscle cells was to test for the significance of the 
regression slope fitted to the difference data. This slope describes the change in 
the relationship of the difference between the number of cells in the experiment 
plate and the number of cells in the control plate with respect to time. If the slope is 
found to be significant when regression is performed on the data, then it can be 
concluded that the treatment has a significant effect on the growth rate (A number of 
cells/day). 
A brief review of the basics behind linear regression as used in this analysis 
is given at this point. Regression is used to establish an equation that models the 
effect of the independent variable, X = Day, on the dependent variable, Y = 
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Difference. Tine most basic form of regression assumes a linear relationship, and 
thus it fits the data into the form of Y = mX + b using least squares estimation to 
determine the slope m and y-intercept b. The statistical properties of these 
estimators are used in judging the adequacy of the fitted model. As a result of 
these properties, it is possible to test a special hypothesis relating to the 
significance of the regression. 
Ho: P1 =0 
Hi : Pi ^0 (6.1) 
Failing to reject the null hypothesis, Ho, is the same as concluding that there is no 
linear or causal relationship between X and Y, Day and Difference. In other words, 
the best estimate of Yj for any Xj is Yj = Ymean with no influence by X at all. The 
test statistic used in this procedure may be either Fq or To^. They are equivalent. 
Ho is rejected if Fq > F a,1,n-2- For this test, if Pr > F is equal to or less than 0.0500 
(i.e., the probability of the calculated value for F being greater the the test statistic F 
is not 95% or more). Ho is rejected and the alternative hypothesis Hi is accepted. 
Thus, it will have been shown that there is a significant relationship between 
difference and days, and therefore, between the vibration condition of the cells and 
their growth rate. 
Regression analysis was performed on the difference data for the five test 
conditions. All statistical analysis was done using the SAS system at Iowa State 
University. The SAS output for these regressions is given in Appendix F.3. A 
summary of the results is presented in Table 6.2. Since none of these points meets 
the criterion of Pr > F = 0.0500 or less. Ho can not be rejected. The point that 
comes closest to achieving significance is the 45 Hz and 12 \im point with a 
Pr>F = 0.1212. 
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Table 6.2 Summary of Regression Results for Original Ten Runs 
Test Condition Slope Fo^ value Pr>F 
15 Hz & 4 |im 205.275 0.70 0.4938 
15 Hz & 12 |j,m 169.85 1.31 0.2128 
45 Hz & 4 |im -141.8 -1.25 0.2309 
45 Hz & 12 ^m 293.45 1.65 0.1212 
30 Hz & 8 um -36.125 -0.14 0.8878 
Analysis of all the data taken for the original 10 run test set allowed for 
informed selection of any remaining test points to be run. From the results shown 
above, the decision was made to make two more runs at 45 Hz and 12 [im. This 
would serve the purpose of obtaining 2 replications per animal and hence increase 
r to r = 8 and n to n = 32. The effect of increased replications is to add more n terms 
into the error term which would increase the sensitivity of the statistical analysis. 
These two runs were set up and conducted in the same fashion as the original set. 
The analysis of all four runs (with n = 32 now) showed that the linear 
regression of the data was now significant at a probability level greater 
than 95 %, Pr > F = 0.0260. This means that there is a statistically significant 
linear relationship between difference, number of cells in the experiment plate 
minus the number of cells in the control plate, and the day of the test. The SAS 
output is given in Appendix F.3. 
The slope of the line determined by regression is 226 in units of (Difference 
in Number of Cells)/Day. This line along with the 95 % Confidence Interval on the 
slope is shown superimposed over the test data in Figure 6.10. This interval 
Test Point : 45 Hz & 12 um, All Runs 
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CO 
Figure 6.10 Data for 45 Hz and 12^m Test Point with Regression Best Fit Line and 95 % Confidence Bands 
Shown 
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means that one can be 95 % confident that the slope of the regression (m) falls 
between 29 < (m) < 422 (Difference in Number of Cells)/Day. This plot visually 
confirms the SAS results and demonstrates that the zero slope line corresponding 
to no significant relationship between (Difference in Number of Cells) and Days, 
falls outside this fan-shaped interval. 
VI.E Cell Count Data Treated in the Traditional Manner 
VI.E.1 Cell Count Data 
Data for each day of each test point is in given in Appendix F. 1 in the form of 
the mean ± standard deviation of the Optical Density readings for all the wells used 
in the test set. The final result of the data reduction shown in that appendix is a 
series of tables where the number of cells is a function of number of days exposure 
to the test condition. These tables have been converted to plots for each test 
condition and are presented here in Figures 6.11 through 6.16. 
In addition, the data for each original test point have been combined into the 
average response over ail four animals for each test condition. Controls from all 
runs have been combined into an overall control. These five curves have been 
combined and are presented in Figure 6.17. Standard deviation (a) bars were not 
added since their large size and considerable overlap would obscure the plot. For 
example, Table 6.3 contains the a's for Day 3 data for the original five test points. 
The size of the overlap from these cr's indicates that there is no significant 
difference in cell growth patterns. 
The results of linear regression performed on each curve and the individual 
between day slopes are given in Appendix F.2. 
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Figure 6.11 Cell Response to 15 Hz and 4 |im Vibration 
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Figure 6.12 Cell Response to 15 Hz and 12 |im Vibration 
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Test Point : 45 Hz & 4 um 
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Figure 6.13 Cell Response to 45 Hz and 4 um Vibration 
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Figure 6.14 Cell Response to 45 Hz and 12 um Vibration 
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Figure 6.15 Cell Response to 30 Hz and 8 |am Vibration 
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Figure 6.16 Cell Response to Repeat of 45 Hz and 12 |im Vibration 










•— 15 Hz, 4 urn 
«— 
— 15 Hz,12 urn 
A— 30 Hz, 8 um 
•— 45 Hz, 4 um 
•1 45 Hz, 12 um 




Figure 6.17 Comparsion of Response to Vibration and Overall Control in Terms of Absolute Cell Counts 
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Table 6.3 Standard Deviation of Day 3 Cell Counts 
Test 15 Hz, 15 Hz, 45 Hz, 45 Hz, 30 Hz, 
Condition 4 |im 12 |j,m 4 |j,m 12 (im 8 um 
a 1260 2337 2358 1197 494 
VI.E.2 Statistical Analysis of Original Cell Count Data 
Direct analysis of the cell counts obtained from the vibration experiments 
would be misleading. However, some analysis was done in this fashion to 
demonstrate that in general, this more traditional approach would not yield 
productive results. 
One point that arose from this analysis did effect the difference analysis in 
terms of the number of replications used for each test point. Initially, to obtain true 
randomness of replications and to avoid confounding, the average of the cell 
counts of the pair of animal cell lines that was used in each test run were to be 
used as the response. This would designate the plate as the treatment unit, 
instead of each cell line, for r = 2. However, the variation in response to vibration 
was so great from animal to animal that it was decided to treat each animal as a 
separate replication, but not a block (Stephenson, 1994). This effectively doubled 
the number of replications, from r = 2 to r = 4. Of course, it is always advantageous 
to have as many replications as possible since this increases the proportion of data 
points, n, available for estimating the error term in the analysis of variance. 
The rest of the analysis of the data in this form showed no significant 
relationship between the linear regression slopes or the between day slopes and 
frequency, amplitude, or the interaction of frequency and amplitude at an 95 % 
probability level ( a = 0.05). SAS output is not included from this analysis since it 
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proved to have no relevance to the rest of the study. However, as an example of 
how poor the probabilities of significance were using this approach, a summary of 
the Analysis of Variance (ANOVA) for the regression slopes of the 2^ experiment is 
given in Table 6.4. Recall that for a relationship to be significant at a 95% 
probability level, Pr > F must be 0.0500 or less. Obviously, these results are no 
where near that level. 
Table 6.4 Short ANOVA on Regression Slopes of Cell Count Data 
Source Degrees of 
Freedom 
Fo Value Pr>F 
Frequency 3 0.25 0.62 
Amplitude 1 0.38 0.5506 
Freq*Amp 1 0.20 0.6647 
Error 1 
Corrected Total 15 
VI.F Discussion and Conclusions 
As discussed in II.A.4 (effect of cyclic stretching) and II.A.5 {in vivo vibration), 
other researchers have investigated the effects of dynamic environment on the 
growth rate of vascular smooth muscle cells. The results have been mixed. 
Everything from decreased growth rates and no effect on growth rates at low 
frequencies and high amplitudes of stretch, to proliferation at high frequency and 
high amplitude vibration has been reported. 
The results of this study provide some confirmation of these earlier findings. 
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Analysis of the data indicates that low-end high (15-5 Hz) frequency vibration at 
various small amplitudes of motion has no effect on growth rates. However, at 45 
Hz and 12 nm, there was a significant relationship between the vibration condition 
and the growth rate of the cells. Cells subjected to this condition grew at a 
significantly higher rate then did cells grown in static conditions. Also, the 
significance of the relationship between vibration and growth rate increased as the 
acceleration applied to the cells increased. Perhaps more runs at the next lower 
levels would identify more closely the level at which vibration begins to affect 
growth rates. 
These findings lead to the conclusion that there is a relationship between 
the dynamic environment of vascular smooth muscle cells and the rates at which 
they proliferate. When the frequency and amplitude of motion, and hence 
acceleration or inertial forces, experienced by the cells in culture increased to the 
maximum of the points tested, the growth rate of the cells subjected to vibration 
increased significantly beyond that of stationary cells. As discussed in Chapter II, 
current thinking relates regions of disturbed flow to sites where atherosclerosis 
develops. Recall that one of the early stages of atherosclerosis is the development 
of intimal thickenings at these sites due, in part, to a proliferation of vascular 
smooth muscle cells. At these locations, the dynamic environment of the arterial 
wall is significantly different from that in other regions. Pressure forces from the 
flow fields in these regions act to move the wall at higher than normal frequencies 
and lower than normal amplitudes. 
This effect also translates to greater acceleration forces on the cells within 
the wall. Recall Eqn. 4.5 which equated the acceleration of a vibrating body to the 
amplitude of motion times the square of the frequency of motion. From Newton's 
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second law, the inertlal force would then be equal to the mass of the body times 
that acceleration. Given a constant mass, inertlal force at a vibratory level of 12 um 
and 45 Hz would be - 200 times that for normal pulse wave at 10 times the 
amplitude and 1 Hz. As this study has demonstrated, this higher level of vibration 
leads to an increase in the rate of proliferation of vascular smooth muscle cells. 
Recall that for the purposes of this study, assumptions were made to estimate 
reasonable displacements and frequencies of motion in regions of disturbed flow 
associated with atherosclerotic sites. 
The equations of motion for these regions as developed in Chapter III, 
demonstrate that there is a relationship between wall properties and wall motion in 
response to an outside force. The frequency of this rsponse is equivalent to that of 
the outside force. This force is determined by the interaction of the blood flowing 
past the wall with the elastic wall itself. The amplitude of this response is 
determined by arterial wall mechanical properties. Hence, the structure of the wall 
itself can change how these pressure forces effect or move the wall. However, a 
change in response motion has less effect on the inertlal forces acting within the 
wall than does the frequency at which the wall response occured. Assuming a 
natural frequency of the wall of 240 Hz and referencing Eqn. 4.7, the response 
amplitude of the wall to a 45 Hz driving frequency would be = 3.6 times the 
response to a 1 Hz driving frequency at the same amplitude. 
Based on the results of this study, it is proposed that the proliferation of 
vascular smooth muscle cells seen in the earliest stage of atherosclerosis is a 
product of high frequency and low amplitude vibration of the arterial wall due to 
localized disturbed flow regions and arterial wall properties. 
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VII. CONCLUSIONS 
The hypothesis initially proposed was that high frequency, low amplitude 
vibratory environments do elicit a proliferative response in vascular smooth muscle 
cells without the introduction of outside agents such as biochemicals derived from 
endothelial cells or blood borne particles. This research provides evidence to lend 
credence to this hypothesis. Vascular smooth muscle cells were cultured in high 
frequency, small amplitude growth environments similar to those found in regions 
of disturbed flow. Such sites are coincident with intimal thickenings, the earliest 
stage of atherosclerosis. One of the selected test conditions did elicit the 
hypothesized response. 
There were five major goals of this study given in II.C. The results obtained 
in the course of achieving these goals are discussed below. This is followed by a 
discussion of the significance of the results and suggestions for further research. 
VILA Achievements in the Study 
An analytical model of the wall of an artery was developed that treated the 
vessel as a distensible, curvilinearly-isotropic, straight, semi-infinite, thin-walled 
cylinder in bending with a circular cross-sectional area. Unlike other wall models, 
axisymmetric flow was not assumed. Variations in the circumferential direction due 
to the localized pressure fields were taken into account. This nonaxisymmetric 
pattern is found in disturbed flow regions associated with atherosclerotic sites. The 
equations of motion developed for this model demonstrate that there is a 
relationship between wall properties and the wall response to an outside force. In 
addition, these equations indicate that the natural frequency associated with the 
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radial-circumferential flexure mode of an artery may be most closely tied to hoop, 
i.e. circumferential effects. Thus, the focus of this work on localized pressure fields 
which are 6 dependent may be very pertinent when looking at the relationship 
between the dynamic mechanical environment of arteries and a predisposition to 
the early stages of atherosclerosis. 
Based on normal physiological parameters, test points were selected that 
were assumed to simulate the dynamic environment of the cells caused by the 
localized pressure fields. A test stand capable of subjecting vascular smooth 
muscle cells to vibration levels ranging from 15 - 45 Hz and 4 -12 |im or of isolating 
them from essentially all vibration was designed and assembled. Throughout the 
testing, the stand performed as desired with no problems. 
The in vitro examination done in this study looked at the effects of vibration 
on vascular smooth muscle cells. Reliable and efficient procedures were 
developed and followed to isolate, culture, identify, and quantify vascular smooth 
muscle cells for use in this study. Sizable quantities of cells were available within 
four to six weeks after explants were obtained. The application of ICC techniques 
confirmed that a homogeneous supply of vascular smooth muscle cells were 
obtained using the methodology developed in this study. The alamarBlue™ assay 
selected for use in quantifying vascular smooth muscle cells in the test format of 
this study was found to have some inherent problems. However, the advantage of 
completing a multiple day (reading) test on the same set of cells out weighed any 
disadvantages. 
There appear to be various sources that can affect the dynamic environment 
of vascular smooth muscle cells in the arterial wall. One is the pressure force from 
the flow fields in the regions where intimal thickenings occur. This force moves the 
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wall at frequencies that are higher and amplitudes that are lower than the nominal 
wall motion seen along the arterial system. Thus, from Newton's Second Law, 
where force equals mass times acceleration with acceleration proportional to the 
frequency squared times the displacement amplitude, and for the frequency 
increase and amplitude increase assumed, greater acceleration and inertial forces 
are acting upon the cells within the wall at these locations than in sites where only 
the nominal pulse wave is found. A lesser factor is the relationship between wall 
motion, wall material properties, and the closeness of the driving frequency to the 
natural frequency of the wall. As the two frequencies approach one another, the 
response motion, and hence the acceleration forces, increase. 
This study examined the effect of 5 different levels of vibration on the growth 
rates of vascular smooth muscle cells and provides some confirmation of findings 
of other reports. Analysis of the data led to several conclusions. 
• High frequency vibration at various small amplitudes of motion (4 |im and 12 |im 
at 15 HZ, 8 |im at 30 Hz, and 4 jim at 45 Hz) had no detectable effect on growth 
rates. 
• Cells that were subjected to vibration levels of 12 ^.m 45 Hz grew at a 
significantly higher rate than did cells grown in static conditions. 
• There is a relationship between the dynamic environment of vascular smooth 
muscle cells and the rates at which they proliferate. 
VII.B Significance of the Results 
The significance of the final conclusion given above relates to arterial 
stiffness. The inverse of stiffness is compliance, which can be determined in a non­
invasive fashion in the common carotid artery using M-mode ultrasound. The 
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mechanical properties of the wall, compliance, and dynamic environment are 
intimately related, and measurements of arterial compliance have been proposed 
as an early indicator of predilection for the development of atherosclerosis (Gamble 
et al.,1994). The findings of this study provide a physiological basis for this 
proposal, since it found that smooth muscle cell proliferation, associated with the 
earliest stage of the disease, is related to the dynamic mechanical characteristics of 
the arterial system. 
Of significance in laboratory research is the finding that vibration levels can 
affect cell processes. In the course of evaluating background vibrations for the 
particular incubator used for this study, significant vibration of the shelves was 
found, mainly due to the incubator fan. Thus studies conducted in incubators may 
be unknowingly affected by the culturing environment. Conversely, cell culture 
practice, by and large, is to grow cells in static environments. This could lead to 
major discrepancies between cell response seen in vitro when compared with 
response found in vivo. 
VII.C Suggestions for Further Study 
There are several ways in which this research should be expanded. First, 
further work on the existing model should be done to determine if a closed solution 
is obtainable. Second, experimental values for the pressure field associated with 
disturbed flow regions should be determined. These would then be used in either 
the mathematical wall model or in a finite element model of the wall to solve the 
equations of motion. The finite element model would be constructed based upon 
the assumptions given in Chapter III. A completed model would provide more 
information for expanding vibration testing to new levels. 
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It would also be interesting to investigate the effect of vibration on cell 
transport processes and on the rate of cell product synthesis of various substances. 
The next logical step after pure vibration testing is to look at the effect of 
similar high frequency, low amplitude stretching regimes on cell proliferation. 
This approach would probably more closely mimic that seen in vivo. Results could 
be even more significant in the study of the relationship between mechanical and 
dynamic forces on and within the arterial wall and atherosclerosis. 
Finally, based on the results of this study, it is proposed that the proliferation 
of vascular smooth muscle cells seen in the earliest stage of atherosclerosis is, in 
part, a product of high frequency and low amplitude vibration of the arterial wall 
due to localized disturbed flow regions. 
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TEST STAND PHOTOGRAPHS 
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Figure A.1 Exterior of Vibration Test Stand. Tygon tubing at 
rear of incubator leads to a CO2 tank. 
186 
Figure A.2 Close-up of Control Plate Isolation System. 
K'-ir—~ —i • 
Figure A.3 Close-up of Shaker/Experiment Plate Isolation System. 
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Figure A.4 Attacliment of Accelerometer to Supporting 
Plate During Vibration Experiments. 
Figure A.5 Top View of Culture Plate with Lid Secured by Water-proof Tape. 
188 
s > > 
P >•*» 
Figure A.6 Settings for NAPCO IVIodel 5100 CO2 Incubator. 
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APPENDIX B 
SPECIFICATIONS, SETTINGS, HOOK-UPS AND PROCEDURES 
B.1 Specification Sheets 




5 Hz 10 lOkH] 
Pr*qu«ncv Stability: 
10.5 Hi for 8 period of 8 hour* under 
muJmum specified temperature and 
power variation*. Typicalty 10,1 Hz un> 
der stable enviromnental conditions 
Frequency Display: 
Frequertcy counter with five digit UEO 
read'out. Time base 0,5 s. accuracy 
10.1 Hz: or 0.05 s. accuracy 11 Hz 
Operational Modes: 
Manual, automatic Lin or tog. and 
exterrul 
Sweep Control: 
Electronic single or repetitive with 
indicator lamps for sweep direction. 
Short'time stop of sweep at any 
frequency. Reverse of sweep si any 
frequency. Start, stop and reverse of 
sweep may be externally controlled. Ex* 
terrta) sw^ep t>y voltage ramp^ 0 lo 
•»12V. 1.2mV/Hz|linesr) 
Sweep Limits: 
Upper and lower frequency limits may be 
preset in the corresponding positions of 
the SET UP CONTROL by 10 (urn 
potentiometers. The frequency counter 
reads the limits, which can be set 
anywhere in the frequency range. 
Accuracy 10.3 Hz or iO.5% whichever 
is greater 
Sweep Rates: 
Three Linear and three Logarithmic 
ranges each covering 20 dB continuously 
adjustable by calibrated 10 turn 
potentiometer 
Linear Ranges: 
0.1 to 1 Hz/s. eccuracy 15% 
1 to 10 Hz/s, accuracy 13% 
10 to 100 Hz/s, accuracy 13% 
Logarithmic Ranges: 
0.1 to 1 oct./min, accuracy t 20% 
1 to 10 oct./min. accuracy i t0% 
10 to 100 oct./min. accuracy t) 0% 
Accuracy quoted valid .for SWEEP RATE 
potentiometer positions 1 to 10- Positions 
0 to 1 useable but not calibrated 
Outputs: 
Fixed Osc.: 60 kHz sine wave, 150mV 
RMS i 20%. Min. load impedance lOkf} 
Veriable Osc.: 120 to 100 kHz symmetri* 
cal square wave, 2.4 to 5V peak-to*peak. 
Min. load impedance lOkf) 
oca f: 1.2mV/Hz (0 to 12V. Lin and 
Log sweep). Linearity better than t1%. 
Min. load impedance lOkfl 
DC « log f: 1 V/ocuve 15% (0 to 12V. 
Log sweep). Min. load impedance 10 kO 
Bandwidth Control: Six outputs. • 5V at 
lower and OV at higher frequencies. Shift 
at 10. 30. 100. 300, 1000. and 
3000 Hz 
Linear Output: 5Hzto 10kHz sine wave. 
Variable amplitude 0 to 10V RMS with 
compressor and/or potentiometer control. 
Min. load impedance 10k0//3nF. 
Distortion without compressor < 0,2% 
for f <100Hz, <0.1% for f > 100Hz. 
S/N>75dB 
Constant Level Output: Option ZM 
0100. gives sine wave. 5Hz to 10kHz 
following the frequency of the Exciter 
Control. Constant amplitude 1 V RMS 
VIBRATION METER SECTION 
Input Ranoea: 
Aceeleretion: 10. 100. 1,0k and lOk 
ms-2: 5Ht to 10kHz 
Vetoeity: 2,Smms''^: 50Hz to 10kHz. 
25 ms—1 and 250 mms—^: 5 Hz to 
10 kHz. 2,5 ms-1: 5 Hz to 2 kHz 
Displacement: 250^m: t5Hz to 2kHz. 
2,5 mm; 5 Hz to 1 kHz. 25 and 250 mm; 
5 Hx to 200Hz 
Accuracy: 
4% of meter reading 
Calibration: 
Acceleration and velocity: peak 
Displacement: peak'to-peak 
Input Sensitivity: 





Effective Averaging Time: 
0,3s 
Lamp Indication: 
For compressor controlling channel 
COMPRESSOR SECTION 
Regulating Speeds: 
Compressor speed increases continuously 
with oscillator frequency 
MuhipHcatfon factors: 0,3; 1; 3 and 
• dB/s per Hz 
Max. Compressor speeds: 10, 30,100, 
300 and lOOOdB/s 
Compressor speed is kept constant when 





OdB static error 
Compresaor Meter 




Automatic frequency controlled cross-over 
Manual of one of the two channels 
External control 
Provision for connecting Vibration 
Programmers ZH 0100 giving one extra 
cross'over par unit, number unlimited 
Safety: 
Interlock on all relevant selectors 
Lamp Indication: 
For oscillator m stand-by condition 
GENERAL 
Temperature Range: 




100, 115. 127, 220. 240V AC. 
50 to 60 Hz. approx. 30 VA 
Complies to lEC 348 Class 1 
Cebinet: 
Supplied as model A (light-weight metal 
cabinet). B (model A in mahogany 
cabmet) or C (as A but with flanges for 




Depth: 320 mm (12.6 in) 
Weight (A-Cabinat): 
10,1 kg (22.2 lb) 
Accessories Included: 
4 BNC plugs JP 0035 
7 7-pin OIN plugs JP 0703 
2 8-pin OIN p!ojSjP0802 
1 Banana plug JB 0002 
Power cord. Various lamps and fuses 
Accessories Available: 
Vibration Programmer ZH 0100 
Constant Level Output ZM 0100 
1.5 m Control Cable AQ 0035 
0.36 m Control Cable AQ 0042 
(Four AQ 0042 included with ZH 0100) 
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Specifications for Bruel & Kjaer IVIini-Shaker Type 4810 




• Force rating 10 Newton (2,25 Ibf) Sine Peak 
• Frequency range DC to 18 kHz 
• First axial resonance above 18 kHz 
a Max. bare table acceleration 550 ms~^ (56 g) 
• Rugged construction 
USES: 
• Calibration of acceierometers 
• Vibration testing of small objects 
• Educational demonstrations 
• Mechanical impedance measurements 
The Mini-Shaker Type 4810 is a 
small machine for the dynamic excita­
tion of lighter objects, it is manufac­
tured from quality materials to a high 
degree of precision and has proved to 
be a reliable and versatile tool in dy­
namic testing. 
Type 4810 ia well suited as the mo< 
tive force generator in mechanical im­
pedance measurements where only 
smaller forces are required. It can also 
be used in the calibration of vibration 
transducers, both to determine their 
sensitivity by comparison with a stan­
dard accelerometer, and to determine 
their frequency response up to 18 kHz. 
The Mini-Shaker is of the electro-
dynamic type with a permanent field 
magnet. A coil, which is an integral 
part of the table structure, is flexibly 
suspended in one plane in the Held of 
the permanent magnet. An alternating 
current signal, provided by an exter* 
nal oscillator is passed through the 
coil to produce a vibratory motion at 
the table. A sectional drawing illus­
trating the method of construction is 
shown in Fig. 1. 
The suspension system consists of 
radial flexure springs which restrict 
the moving element to almost perfect­
ly rectilinear motion. Laminated flex­
ure springs provide a high degree of 
damping to minimize distortion due to 
flexure resonances. The frequency re­
sponse curves shown in Fig.2 show the 
highly damped flexure resonance 
around 50 to 60 Hz. 





10-32 UNF Threaded Hole 
Fig. 1. Sectional drawing of the Mini-Shaker Type 4810 
BP 0232-12 
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The object to be vibrated is at­
tached to the table by means of a 10 -
32UNF screw; the thread size com* 
monly used for mounting accelerome-
ters. Performance limits which are de­
fined by the maximum displacement 
(6 mm), maximum force (10 N or 7 N 
depending on frequency), and the Hrst 
axial resonance of ihe moving element 
(above 18 kHz), are graphically shown 
in Fig.3. 
Within these limits, the attainable 




where a » acceleration in ms'^ 
(Ims-^ » 0,102g) 
F » shaker rated force in 
Newtons 
W « exciter moving element 
weight + test object 
weight in kg 
Examples of maximum test object 
weight for accelerations of 20 g and 5g 
are drawn in on the curve. 
In order to attain full rated output 
force from the 4810 it should be driven 
by Power Amplifier Type 2706. This is 
a power amplifier specially designed to 
drive small vibration exciters and has 
a current limiter to prevent overdriv­
ing the 4810. 
25: =0.025 
1^^016 10fnr-'p«k| 
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Fig. 3. Sine performance curves for the 4810 
Specifications 4810 
PREOUENCV RANQC; 
DC to 18 kHz 
RRtT MAJOR ARMATURE RESONANCE: 
AbovA 16 kHz . 
FORCE RATING (PEAK): 
10 Newton (2.25 ibf). 65 Hz to 4 kHz 
7 Ntwton (1.S Ibf). 65 Hz to 16 kHz 
MAX. BARE TABLE ACCELERATION 
(PEAK): 
550ms'^ (65 Hz (o 4 kHz) 
383ms-M 4 kHz to 16 kHz) (1 • 0.102 g) 
MAX. DISPLACEMENT (PEAK-TO-PEAK): 
6mm (0.236in) 
DYNAMIC FLEXURE STIFFNESS: 
2 N«wton/mm (11.5 Ibt/ln) 





MAX. INPUT CURRENT: 
1.6 A. RMS 
COIL IMPEDANCE: 
3.5 n at 500 Hz 
CONNECTION: 
MicroBOCket UNF 10 — 32 
TABLE SIZE: 
14mm (0.55in) diameter 
FASTENINQ THREAD: 
UNF 10 — 32 
WBIOHT: 
1.1 kg (2.4 lb) 
DIMENSIONS: 
Dlamtler: 76 mm (3 In) 
Height: 75 mm (2,9 In) 
ACCESSORIES INCLUDED: 
Cable for connection of Mini-
STiaker to Power Amplifier AO 0069 
1 Screw Y02962 
Instruction Manual 
ACCESSORIES AVAILABLE: 
Mounting Equipment (Includea 
Isolated studs YP 0150 and non-
Isolated studs YQ 2960) UA 0125 
Service Manual 
Briiel & Kjser 
WORLD HEADQUARTERS DK.2850 Nffirum • Den-nafh • Telep'-c e -452800500 • Telex: 373 3 Bruka Ok • Fax -452801405 
Austria 4S0-2066 AuV'is 02235'7S50'0 Beig jrr 02 242-97 Brai<! 2468149 ' Canada (SU)69S-822S Fmiand |9016017 044 France m 64S?20 <0 
FMe'a< AecwD ; Ge'r^an, i04^06i40S& G'eai S'la." (0^954-2366 HO'lan<l03402-3d994 Hong Koig 6-467486 ltai> |02IS244I41 Jacar03-435-4813 
cc'K:'eaC:-'93-6e86 No'*a, 02'7e7096 Pc'igja ,'i659256'^'65528: S•'^gaC)Ote 225 8533 Sea'-* (9'i 268 lOOO Sw««p (08i 71' 2730 S«"ze-'a^c fC4j 6f " 6* Zc "39303 USA ;508 48'-''000 Loca''eo'esaniai'vtsana lafvice O'sa^iwiKys wotifl-wid« 
Model Number 
J353B52 QUARTZ SHEAR ICP® ACCELEROMETER SPECIFICATIONS 
RavAftlon; 
ECN«: 
Voltage Sensitivity mV/g (mV/(m/s')) 500 (51.0] 
Measurement Range ±g pk [±tn/s^ pkj 10(98.1) 
Frequency Range: (±5%) Hz 1 to 2000 
(±10%) Hz 0.7 to 4000 
(±3 dB) Hz 0.37 to 7000 
Mounted Resonant Frequency kHz 214 
Resolution - Broadband g pk [m/s' pk) 0.0004 (0.004) 
Amplitude Linearity % ±1 
Transverse Sensitivity % £5 
ENVIRONMEMTAL 
±g pk [±m/s' pkJ 
* 
Stuck Limit (Maximum) 4000 (39240) 




Strain Sensitivity <0.0002 (£0.002] 
ELECTRICAL 
Excitation Voltage/Constant Current VDC/mA 21-30/2-20 
Output Impedance ohms <100 
Output Bias VDC 11 to 15 
Discharge Time Constant sec £0.5 
Warm Up Time (wHhIn 10K of output tilu) sec <5 
Broadband Electrical Noise; (1-10 kHz) HVrms 170 
Spectral Noise: (1 Hz) Hg/VHz ((jim/s')/>/Hz] 200 (1962] 
(10 Hz) \igHHz i^m/s')/>/Hzl 16(157] 
(100 Hz) pg/VHz j((im/s')/VHzj 5 (49] 
(1 kHz) pg/VHz ((^m/s®)/VHz] 1(10] 
Ground Isolation ohms None (OptionaO 
MECHANICAL 
Sensing Element material/geometry Quartz/Shear 
Housing material/sealing Titanium/Welded Hermetic 
Size (tiex x height) Inch [mm] 0.75x1.18(19,1x29.9] • 
Weight oz (gm) 1.1 (32) 
Electrical Connector type/location 10-32 Coaxial/Top 









3tr>»lttylty Deviation v>. Temperalure 
ICP*b • io<t'ato>e(l lr»domoih of PCB Platoti- Mca. Inc. 
OPTIONAL VERSIONS 
C^rilonal vtrttons Km Identical ipedficadons and acoeuorie* ct filed for (ha slandard 
nwdel axcopi \»4)eia noted by the tetter preflxai below. Mora thin one c^lbn may ba used. 
A-Adhesh/a Mount 
Additional Accossory: (1) Modal 060A90'quld( borxflr^g gol* 
^ J • Ground Isolatod 
Kgh Frequency Range: («S%)/(4-10S) Hz 2000/4000 
Mounted Resonant Frequency kHz 
Electftcal Base Isolation ohms >10* 
Stzfl (hex X height): Inch [mm] 0.75x1.23(19.1x31.2] 
M-Metric 
Supplied Aocasaorles: (1) Modal Moai BOS stud replacas Model 001605 
(1) Model M080A12 base lef^aces Model OSOAl 2 
Q • Extended Time Constant 
Low Frequency Range: (•SS)/(-10%) Hz 
Discharge Time Constant: see 
Warm Up Time (within 10% of output bias) sec 





•65 to 4160 (.54 to 482] 
W • Waterproof Cable 
Electrical Connector type/location Sealed Cable/Top 
NOTES: 
{I] Supplied wkh a sensllMty|toiirance of 1S%. 
(Q option has a loleisnoaiot ± I0%.) 
(2} Zero t>ased besi slratght tine malhod. 
(3) Traniverse tenskMy it typIcalF/ S3%. 
(4] Spedflcalbn wkhin 12% of typical cufva. 






OStBOS Mounting Slud (I) 
0AaA12 AdhaaK/a fiAounllng 6asa <1) 
080A24 Pelio Wax Sarnpia (I) 





Model No. IJJ353B52 
Serial No. 93fe^ 
PO No. 
I 






with built-in electronics 
Calibration procedure is in compliance with 









CALIBRATION DATA KEY SPECIFICATIONS 
Voltage Sensitivity 53E mV/g Range 10 ±g 
Transverse Sensitivity 0.8 % Resolution 0.0004 g 
Resonant Frequency 20 kHz Temp. Range -G5/+250 °F 
Time Constant 0.9 s 
Output Bias Level 12.7 V 
METRIC CONVERSIONS; 
ms' = 0.102 g 









Frequency Hz 10 15 30 50 100 300 500 1000 2000 
Amplitude Deviation % 








100 Frequency In Hertz 1 000 



































PO No Customer 
Calibration traceable to NIST thru Project No. 822/2531GB 
ICP® ACCELEROMETER 
wHh built-in electronics 
Calibration procedure is in compliance with 
MIL-STD-45662A and traceable to NIST. 
CALIBRATION DATA KEY SPECIFICATIONS 
Voltage Sensitivity 9 4 1  mV/g Range 4 ± g  
Transverse Sensitivity £ 5 . 0  % Resolution 0.001 g  
Resonant Frequency ^7 kHz Temp. Range 0/+150 °F 
Time Constant (NOM.) 0 . 5  s 
Output Bias Level 9 . 0  V 
METRIC CONVERSIONS: 
ms' = 0.102 g 
-C = 5/9 X ("F -32) 
Reference Freq. 
Frequency Hz 10 15 30 50 100 300 500 1000 2000 
Amplitude Deviation % 1 . 4  1 . 4  .7 .7 0 . 0  - 1 . 1  - 1 . 2  - 1 . 0  2 . 4  
FREQUENCY RESPONSE 
• f S d B  
Amplitude 
Deviation 
- 3 d B  
10 100 Frequency in Hertz 1 000 
p[ir Piezotronics, Inc. 3425 Walden Avenue Depew, NY 14043-2495 USA 716-684-0001 Date 
10 000 




B.2 Vibration Electronic Control Settings 
The settings used in this study for the major components of the control 
system are listed below. 
Bruel & Kjaer Type 1047 Vibration Exciter Control 
• Compression Rate at 3 dB/s per Hz 
• Maximum Compressor speed at 30 dB/s 
• Manual Frequency at 15, 30, or 45 Hz as required 
• Set Up Control - 3 positions plus interior knob 
- Standby was used when the culture plate was being handled. 
- Level was used when the range was being changed on the level controls. 
- Operate was used when testing was taking place. 
- Interior knob was set fully clockwise. 
• Level Controls 
- Crossover switch at A 
- Range at 10 m/s2 for 15 Hz test points and 100 m/s^ for 30 and 45 Hz test 
points. 
- Level control was set to drive the DMM reading the required level. 
Bruel & Kiser Power Amplifier Tvoe 2706 
• Current limit set to 1.8 A RMS 
• Attenuater set to zero 
• Gain set to 0.1 of full scale 
1952 Universal Filter 
• Filter type set to low pass, normal 
• Cutoff frequency set to 10 with a multiplier of 10 for a setting of 100 Hz 
196 
B.3 Holter Monitor Hook-up 
The Holter Monitor was hooked up to record the output of the test 
accelerometer in two ways: (a) after the signal had gone through the 100 Hz low 
pass filter and (b) before it had gone through the filter. These two arrangements 
are shown in Figures A.I and A.2. 
1952 Universal Filter To DMM 










Ho Iter Monitor 
Figure B.1 Holter Monitor Hook-up for Recording 














1952 Universal Filter 
Ho Iter Monitor 
Figure B.2 Holter Monitor Hook-up for Recording the 
Unfiltered Accelerometer Output 
B.4 Calculation Format for Preparing Dilutions for Vibration Testing 
1) Given the number of cells/ml in the original suspension: Y 
2) Given the required total number of cells needed for the test: Numi = 8.75 x 105 
cells. 
3) Calculate the volume of the original suspension needed to obtain Num: 
'cells Vol, = 
8.75x10® 
V cells' 
• /m ' l 
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Four different cell concentrations are needed for the test. The largest three are 
used on the calibration plate and require 1.6 ml each (16 wells at 100 nl/well). The 
remainder of the solution is diluted for use in the experiment and control plate. 
Therefore, at least 9.6 ml are required, but more are prepared, just in case of need. 
4) Required: Conci = 200,000 cells/ml, to obtain 20,000 cells/well, and 
Voh = 4.38 ml. 
Cone = 8-75x10^eiis ^ 200,000<=«"%,| 
Where 4.38mi 
This is a volume sufficiently large to maintain the level of cells/ml that will be 
needed for the final dilution. 
Calculate: ^^'SADD - 4.38-Vol^ 
Add: V0I2ADD is the amount of medium added to V0I1 to make V0I2. 
Take: 1.6 ml and add to 16 wells, at 100 |il/well, of the calibration plate. 
Leaves: Vol2left = 4.38 ml -1.6 ml = 2.78 ml. 
Calculate: Numa = Vol2tei,*ConCi jg number of cells remaining in the 
new suspension. 
5) Required: Conc2 = 100,000 cells/ml, to obtain 10,000 cells/well. 
This is 1/2 the value of Conci. If the amount of the remaining suspension, Volaieft. 
is doubled by adding an equal amount of medium, the concentration of the new 
suspension is 1/2 that of the original suspension. 
^ Num, 1^ Cone, = ^ .. ^ = -ConCi 
Calculate: 2*Vol2tett 2 
Add: V0I3ADD = 2.78 ml to make 5.56 ml. 
Take: 1.6 ml and add to 16 wells, at 100 |a,l/well, of the calibration plate. 
Leaves; Volsieft = 5.56 ml -1.6 ml = 3.96 ml. 
6) Required: Conc3 = 50,000 cells/ml, to obtain 5,000 cells/well. 
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As in step 5, tiiis is 1/2 the value of Conc2. If the amount of the remaining 
suspension, Volaieft, is doubled by adding an equal amount of medium, the 
concentration of the new suspension is 1/2 that of the original suspension. 
Add: VoUADD = 3.96 ml to make 7.92 ml. 
Take: 1.6 ml and add to 16 wells, at 100 |il/well, of the calibration plate. 
Leaves: Vol4ieft = 7.92 ml -1.6 ml = 6.32 ml. 
7) Required: Conc4 = 25,000 cells/ml, to obtain 2,500 cells/well. 
As in step 6, this is 1/2 the value of Conc2. If the amount of the remaining 
suspension, Vol4ieft, is doubled by adding an equal amount of medium, the 
concentration of the new suspension is 1/2 that of the original suspension. 
Add; VOISADD = 6.32 ml to make 12.64 ml. 
Take: 4.8 ml and add to 48 wells, at 100 nl/well, of the experiment plate. 
Take: 4.8 ml and add to 48 wells, at 100 |il/well, of the control plate. 
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APPENDIX C 
FREQUENCY RESPONSE ANALYSIS 
Appendix C consists of tliree parts in whicli frequency analysis played a role in this 
study. 
1) This section contains the remainder of the plots concerned with the response of 
the Aluminum Supporting plate to broad band excitation. 
2) This section contains the remainder of the plots concerned with the modal 
analysis done of the plate at 45 Hz and 30 Hz. 
3) This section contains sample plots of the output of the accelerometer during 
each vibration test run. Note that the first plot in this section, Figure C.3.1, is the 
companion to Figure 4.15 in that Figure C.3.1 was taken during the same test as 
Figure 4.15. The only difference is that C.3.1 was recorded before the 
accelerometer signal had been filter, and 4.15 was recorded after filtering. 
Similar pairs of recordings were made for all test runs. An example 
unfiltered plot for Run 2 at 45 HZ is also included As seen in the time domain plot, 
the magnitude of the base signal overwhelmed the 120 Hz background noise seen 
in the unfiltered 15 Hz and 4|im example recording. However, the 120 Hz peak 
can still be seen in the frequency domain plot. This was the case for all of the 45 
Hz and 30 Hz runs. Absolute voltage magnitudes for all runs except those at 15 Hz 
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Figure C.2.1 Modal Analysis of Aluminum Supporting Plate at 45 Hz - Position 3 
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Figure C.2.2 Modal Analysis of Aluminum Supporting Plate at 45 Hz - Position 4 
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Figure C.2.5 Modal Analysis of Aluminum Supporting Plate at 30 Hz - Position 3 
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Figure C.3.7 Run 6 - 45 Hz & 12 /vm Holter Recording 




— seconds — 












f:687.5Hz Sj:-5.459dB ms: 504. 8nU 
INPUT 
IBkHz BaseBnd 
AC AC AC X 
1.3U 1.8U 5.eU 78nU 
TRIGGER 
Auto chl +Slope *1v. 
d= -5Q>t Filtex> LoHust 
AVERAGING 111223 
Add OvldReJ 234344 
cnt= 50: 50 
MINDOMING 





Double LINK HZ 
Cuipsop: Nopnal 1-Cup 
STORAGE 








RUN ENABLE CONFIG 
Off Off Main 
iv> 
-nI 
Figure C.3.8 Run 7 -15 Hz & 4 /jm Holter Recording 
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PHOTOGRAPHS OF RESULTS OF ICC APPLIED 
TO TRIAL CELL LINES 
Photographs of Trial 12, 13, and 15 cell lines that have been stained with 
anti-a smooth muscle primary antibody, and their negative and secondary antibody 
controls, are presented in this appendix. 
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Figure D.I a) Icc Staining Characteristic of Vascular Smooth 
Muscle Cells for Trial 12 (300x). 
Figure D.I (continued) b) Negative Control for Primary Antibody for Trial 12 (300x). 
225 
Figure D,1 (continued) c) Control for Secondary Antibody for Trial 12 (300x) 
Figure D.2 a) Icc Staining Characteristic of Vascular Smooth 
Muscle Cells for Trial 13 (300x). 
226 
Figure D.2 (continued) b) Negative Control for Primary Antibody for Trial 13 (300x). 
Figure D.2 (continued) c) Control for Secondary Antibody for Trial 13 (300x). 
227 
Figure D.3 a) Icc Staining Characteristic of Vascular Smooth 
Muscle Cells for Trial 14 (SOOx). 
V-
Figure D.3 (continued) b) Negative Control for Primary Antibody for Trial 14 (300x). 
228 
Figure D.3 (continued) c) Control for Secondary Antibody for Trial 14 (300x) 
Figure D.4 Enlargement of an Individual Vascular Smooth 
Muscle Cell from Trial 15 (600x). 
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APPENDIX E. alamarBLUE™ EVALUATION 
E.1 Data for Optimization of Exposure Time and Initial Plating 
Densities 
Table E.1.1 Animal A - Day 0 - Plate 1 
Readings at 562nm - 650nm 
Exposure Time 5,000 10,000 15,000 20,000 
(Hours) cells/well cells/well cells/well cells/well 
3 0.510 0.534 0.572 0.600 
6 0.547 0.616 0.679 0.715 
9 0.601 0.695 0.751 0.800 
12 0.630 0.741 0.787 0.835 
24 0.793 0.759 0.733 0.749 
31 0.829 0.770 0.740 0.764 
Table E.1.2 Animal A - Day 0 - Plate 2 
Readings at 562nm - 650nm 
Exposure Time 5,000 10,000 15,000 20,000 
(Hours) cells/well cells/well cells/well cells/well 
3 0.528 0.549 0.572 0.597 
6 0.541 0.587 0.636 0.675 
9 0.577 0.648 0.713 0.752 
12 0.630 0.702 0.766 0.803 
24 0.793 0.783 0.761 0.761 
31 0.819 0.781 0.739 0.753 
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Table E.1.3 Animal A - Day 2 - Plate 1 
Readings at 562nm - 595nm 
Exposure Time 5,000 10,000 15,000 20,000 
(Hours) cells/well cells/well cells/well cells/well 
9 0.398 0.532 0.557 0.572 
12 0.482 0.571 0.569 0.606 
15 not valid not valid not valid not valid 
18 0.579 0.582 0.566 0.579 
21 0.595 0.579 0.559 0.568 
Table E. 1.4 Animal A - Day 2 - Plate 2 
Readings at 562nm - 595nm 
Exposure Time 5,000 10,000 15,000 20,000 
(Hours) cells/well cells/well cells/well cells/well 
9 0.360 0.497 0.533 0.544 
12 0.439 0.546 0.547 0.574 
15 not valid not valid not valid not valid 
18 0.579 0.571 0.546 0.559 
21 0.595 0.569 0.544 0.547 
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Table E.I .5 Animal A - Day 3 - Plate 1 
Readings at 562nm - 595nm 
Exposure Time 5,000 10,000 15,000 20,000 
(Hours) cells/well cells/well cells/well cells/well 
9 0.398 0.516 0.533 0.533 
12 0.438 0.525 0.542 0.491 
21 0.499 0.491 0.492 0.443 
Table E.I.6 Animal A - Day 3 - Plate 2 
Readings at 562nm - 595nm 
Exposure Time 5,000 10,000 15,000 20,000 
(Hours) cells/well cells/well cells/well cells/well 
9 0.340 0.459 0.493 0.518 
12 0.404 0.515 0.525 0.520 
21 0.477 0.501 0.470 0.468 
Table E.I .7 Animal B - Day 0 - Plate 1 
Readings at 562nm - 650nm 
Exposure Time 5,000 10,000 15,000 20,000 
(Hours) cells/well cells/well cells/well cells/well 
3 0.486 0.484 0.502 0.513 
6 0.493 0.498 0.521 0.537 
9 0.489 0.501 0.532 0.557 
12 0.507 0.515 0.550 0.584 
24 0.522 0.576 0.656 0.754 
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Table E.1,8 Animal B - Day 0 - Plate 2 
Readings at 562nm - 650nm 
Exposure Time 5,000 10,000 15,000 20,000 
(Hours) cells/well cells/well crjlls/well cells/well 
3 0.469 0.469 0.481 0.496 
6 0.483 0.487 0.510 0.541 
9 0.503 0.506 0.539 0.691 
12 0.503 0.526 0.559 0.624 
24 0.531 0.587 0.675 0.760 
Table E.I .9 Animal B - Day 0 
Readings at 31 Hours 
^background = 650 nm ^background = 595 nm 
cells/well Plate 1 Plate 2 Plate 1 Plate 2 
5000(1250) 0.533 0.558 0.140 0.162 
10000(2500) 0.607 0.628 0.268 0.297 
15000(3750) 0.701 0.727 0.413 0.458 
20000(5000) 0.784 0.803 0.555 0.581 
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Note that the number of cells/well has been changed in the remaining tables for 
Animal B per the discussion in V.B.3.C. . 
Table E.1.10 Animal B - Day 2 - Plate 1 
Readings at 562nm - 595nm 
Exposure Time 1250 2500 3750 5000 
(Hours) cells/well cells/well cells/well cells/well 
9 0.096 0.190 0.276 0.343 
12 0.125 0.241 0/344 0.436 
21 0.182 0.368 0.492 0.584 
Table E.1.11 Animal B - Day 2 - Plate 2 
Readings at 562nm - 595nm 
Exposure Time 1250 2500 3750 5,000 
(Hours) cells/well cells/well cells/well cells/well 
9 0.104 0.185 0.261 0.337 
12 0.130 0.232 0.321 0.421 
21 0.275 0.456 0.469 0.515 
Table E.1.12 Animal B - Day 3 - Plate 1 
Readings at 562nm - 595nm 
Exposure Time 1250 2500 3750 5000 
(Hours) cells/well cells/well cells/well cells/well 
9 0.139 0.259 0.294 0.315 
12 0.198 0.343 0.384 0.420 
21 0.271 0.487 0.508 0.549 
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Table E1.13 Animal B - Day 3 - Plate 2 
Readings at 562nm - 595nm 
Exposure Time 1250 2500 3750 5000 
(Hours) cells/well cells/well cells/well cells/well 
9 0.151 0.248 0.278 0.309 
12 0.212 0.334 0.367 0.404 
21 0.275 0.456 0.469 0.515 
Note that the standard deviations for the data given above ranged from 0.015 to 
0.040. 
E.2 Data Confirming Occurance of Compression for Exposure 
Time < 21 hours 
Table E.2.1 DayO 
Readings at X562 nm - >^595 nm 
cells/well 
4 hour exposure 12 hour exposure 
Animal 1 Animal 2 Animal 1 Animal 2 
2500 0.066 0.076 0.154 0.192 
5000 0.104 0.132 0.286 0.369 
10000 0.172 0.258 0.473 0.561 
15000 0.265 0.373 0.565 0.578 
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Table E.2.2 Days 1 & 2 
4 Hour Exposure Time 
Readings at X562 nm - >^595 nm 
cells/well 
Day 1 Day 2 
Animal 1 Animal 2 Animal 1 Animal 2 
2500 0.103 0.130 0.141 0.211 
5000 0.176 0.219 0.186 0.222 
10000 0.245 0.328 0.224 0.248 
15000 0.351 0.427 0.291 0.334 
Table E.2.3 Day 3 
Readings X562 nm - >^5B5 nm 
cells/well 
4 hour exposure 12 hour exposure 
Animal 1 Animal 2 Animal 1 Animal 2 
2500 0.175 0.249 0.397 0.495 
5000 0.194 0.234 0.392 0.473 
10000 0.218 0.256 0.432 0.483 
15000 0.340 0.359 0.524 0.530 
Note that the standard deviations for the data given above ranged from 0.011 to 
0.056. 
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APPENDIX F. VIBRATION EXPERIMENT DATA, DATA REDUCTION AND 
STATISTICAL ANALYSIS OUTPUT 
F.1 Data for Each Test Point 
The data are presented for each test point in the form of the mean+standard 
deviation for all the wells used in the test set. If it was necessary to exclude outliers 
from any of the data sets, the actual number of wells included in that mean is shown in 
parentheses by the OD reading. For ease of comparison, data are not presented 
chronologically but are organized by the test set points. 
The first table presented for each test point contains the data used for 
calibrating, i.e. determining the relationship between OD reading and number of cells, 
that particular run. The higher numbers (5000,10000,20000) have either 24 
(calibration runs with 5000 and 10000 set points) or 16 (calibration runs with 5000, 
10000, and 20000 set points) wells per mean. The 2500 calibration point was 
obtained by taking the mean for Day 0 for both the experiment and control plate (96 
wells total) since the initial plating in these two plates used a dilution of 2500 
cells/well. The equations at the bottom of the table were obtained by doing linear 
regressions on the points given in the calibration table for both animals used in that 
run. Note that NC equals number of cells times 10"3. Therefore NC must be multiplied 
by 1000 to get the final counts. Note that NU by the 20,000 cell point means that that 
point was not used in the linear regression on that data because of excessive 
compression. 
The second and third tables in each set present the data (48 wells/test) for the 
three days of the actual test. The regression equation given in the calibration table 
was used to calculate the numbers of cells equivalent to the OD readings obtained for 
the three day test. 
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Table F.l.l.a 15 Hz, 4 |im - Run 1 Calibration Data 
Number of Cells/Well 
OD Readings 
Animal 12 Animal 14 
2500 0.512±0.036 0.089±0.017 
5000 0.569±0.037 0.138±0.014 
10000 0.703+0.045 0.323±0.028 
Animal 12: NC = 38.27 * OD -16.87 r = 0.999 
Animal 14; NC = 30.67 * OD - 0.211 r = 0.991 
Table F.l.l.b 15 Hz, 4 |im - Run 1 Experiment PlateTest Data 
Animal 12 Animal 14 
Day OD # cells/well OD # cells/well 
0 0.508+0.036 2567 0.077±0.012 2572 
1 0.603±0.032 6203 0.137±0.011 4412 
2 0.622±0.042 6931 0.175±0.013 5578 
3 0.684+0.037 9303 0.310±0.029 9718 
Table F.l.l.o 15 Hz, 4 i^m - Run 1 Control PlateTest Data 
Animal 12 Animal 14 
Day OD # cells/well OD # cells/well 
0 0.516±0.042 2874 0.102±0.022 3339 
1 0.595±0.030 5897 0.123±0.016 3983 
2 0.635±0.046 7428 0.208±0.018 8798 
3 0.693±0.043 9648 0.315±0.030 9871 
238 
Table F.1.2.a 15 Hz, 4 iim - Run 7 Calibration Data 
Number of Cells/Well 
OD Readings 
Animal 13 Animal 15 




5000 0.412±0.017 (13) 0.470+0.031 (15) 
10000 0.566±0.049 (8) 0.536±0.022 (12) 
20000 0.545±0.039 (13,NU) 0.546±0.041 (12,NU) 
Animal 13 (exp): NC = 32.30 * OD - 8.06 r = 0.998 
Animal 13 (con): NC = 22.93 * OD - 3.36 r = 0.969 
Animal 14 (exp): NC = 31.23 * OD - 9.10 r = 0.997 
Animal 14 (con): NC = 21.42 * OD - 3.73 r = 0.952 
Table F.1.2.b 15 Hz, 4 jim - Run 7 Experiment PlateTest Data 
Animal 13 Animal 15 
Day OD # cells/well OD # cells/well 
0 0.322±0.038 2345 0.361±0.020 2179 
1 0.390±0.034 4551 0.481±0.031 5927 
2 0.505+0.038 8256 0.604±0.040 9768 
3 0.623+0.042 42067 0.644±0.049 11018 
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Table F.1.2.c 15 Hz, 4 jL/m - Run 7 Control PlateTest Data 
Animal 13 Animal 15 
Day OD # cells/well OD # cells/well 
0 0.234±0.016 2011 0.266±0.022 1971 
1 0.347±0.027 4603 0.406±0.027 4969 
2 0.467±0.041 7355 0.513±0.040 7261 
3 0.607±0.063 10565 0.602±0.074 9167 
Table F.1.3.a 15 Hz, 12 /jm - Run 3 Calibration Data 
Number of Cells/Well 
OD Readings 
Animal 12 Animal 14 
2500 0.210±0.021 0.164±0.017 
5000 0.401±0.041 0.315±0.024 
10000 0.594±0.041 0.526±0.028 
20000 0.739±0.038 0.624±0.032 
Animal 12: NC = 19.50 * OD - 2.02 r = 0.983 
Animal 14: NC = 20.91 * OD -1.17 r = 0.996 
Table F.1.3.b 15 Hz, 12 /lim - Run 3 Experiment PlateTest Data 
Animal 12 Animal 14 
Day OD # cells/well OD # cells/well 
0 0.214±0.023 2166 0.171±0.020 2404 
1 0.339±0.047 4609 0.225±0.021 3533 
2 0.493±0.057 7618 0.417±0.060 7548 
3 0.577±0.069 9260 0.539±0.051 10098 
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Table F.1.3.c 15 Hz, 1 2  [ j m -  Run 3 Control PlateTest Data 
Animal 12 Animal 14 
Day OD # cells/well OD # cells/well 
0 0.206±0.019 2010 0.157±0.015 2112 
1 0.333±0.031 4491 0.231±0.019 3659 
2 0.484±0.038 7442 0.406±0.050 7318 
3 0.538±0.035 8498 0.495±0.031 9179 
Table F.1.4.a 15 Hz, 12 /vm - Run 4 Calibration Data 
Number of Cells/Well 
OD Readings 
Animal 13 Animal 15 
2500 0.062±0.013 0.182±0.020 
5000 0.098±0.011 0.309±0.036 
10000 0.151±0.006 0.416±0.024 
20000 0.316±0.018 0.447±0.026 (NU) 
Animal 13 ; NC = 68.66 * OD -1.39 r = 0.996 
Animal 15: NC = 31.67 * OD - 3.74 r = 0.972 
Table F.1.4.b 15 Hz, 12 /urn - Run 4 Experiment PlateTest Data 
Animal 13 Animal 15 
Day OD # cells/well OD # cells/well 
0 0.062±0.013 2870 0.181±0.021 1991 
1 0.075±0.015 3762 0.306±0.039 5950 
2 0.130±0.021 7538 0.507±0.034 12315 
3 0.175±0.024 10628 0.577±0.042 14532 
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Table F.I.4.c 15 Hz, 12 /vm - Run 4 Control PlateTest Data 
Animal 13 Animal 15 
Day OD # cells/well OD # cells/well 
0 0.060±0.013 2730 0.184±0.018 2086 
1 0.067±0.013 3210 0.315±0.045 6235 
2 0.121±0.019 6918 0.473±0.044 11238 
3 0.190±0.023 11655 0.530±0.035 13043 
Table F.1.5.a 30 Hz, 8 /jm - Run 10 Calibration Data 
Number of Cells/Well 
OD Readings 
Animal 12 Animal 14 
2500 0.328±0.038 0.235±0.024 
5000 0.489±0.035 0.381 ±0.021 
10000 0.585±0.026 0.476±0.030 
20000 0.568±0.033 (NU) 0.483±0.037 (NU) 
Animal 12 ; NC = 27.77 * OD - 7.15 r = 0.944 
Animal 14: NC = 29.94 * OD - 5.06 r = 0.952 
Table F.I.S.b 30 Hz, 8/vm - Run 10 Experiment PlateTest Data 
Animal 12 Animal 14 
Day OD # cells/well OD # cells/well 
0 0.321 ±0.033 
(29) 
1769 0.240±0.035 2121 
1 0.418±0.039 4463 0.314±0.025 4336 
2 0.513±0.049 7102 0.433±0.043 7899 
3 0.583±0.045 9045 0.493±0.039 9696 
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Table F.1.5.C 30 Hz, 8 fjn) - Run 10 Control PlateTest Data 
Animal 12 Animal 14 
Day OD # cells/well OD # cells/well 
0 0.336±0.040 
(44) 
2186 0.230±0.013 1821 
1 0.467±0.031 5824 0.334±0.019 4935 
2 0.560±0.049 8407 0.476±0.027 9187 
3 0.623±0.047 10156 0.531 ±0.028 10834 
Table F.I .6.a 30 Hz, 8 /ym - Run 9 Calibration Data 
Number of Cells/Well 
OD Readings 
Animal 13 Animal 15 
2500 0.255±0.023 0.348±0.028 
5000 0.443±0.036 0.441 ±0.040 
10000 0.538±0.026 0.535±0.034 
20000 0.541±0.031 (NU) 0.532±0.031 (NU) 
Animal 12 : NC = 24.59 * OD - 4.30 r = 0.929 
Animal 14: NC = 26.74 * OD - 6.79 r = 0.998 
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Table F.1.6.b 30 Hz, 8 jL/m - Run 9 Experiment PlateTest Data 
Animal 13 Animal 15 
Day OD # cells/well OD # cells/well 
0 0.256±0.026 2001 0.350±0.030 2567 











Table F.1.6.c 30 Hz, 8 /um - Run 9 Control PlateTest Data 
Animal 13 Animal 15 
Day OD # cells/well OD # cells/well 
0 0.253±0.020 1927 0.345±0.026 2433 
1 0.337±0.049 3993 0.459±0.058 5481 
2 0.447±0.029 6698 0.508±0.024 691 
3 0.561±0.051 9502 0.569±0.048 8423 
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Table F.I.7.a 45 Hz, 4 (jm - Run 5 Calibration Data 
Number of Cells/Well 
OD Readings 
Animal 12 Animal 14 
2500 0.190±0.026 0.090±0.023 
5000 0.344±0.030 0.153±0.012 
10000 0.463±0.027 0.235±0.017 
20000 0.503±0.028 (NU) 0.461±0.016 
Animal 12: NC = 26.93 * OD - 3.12 r = 0.965 
Animal 14: NC = 47.66 * OD -1.81 r = 0.998 
Table F.1.7.b 45 Hz, 4 /vm - Run 5 Experiment PlateTest Data 
Animal 12 Animal 14 
Day OD # cells/well OD # cells/well 
0 0.202±0.024 2323 0.102±0.017 3048 
1 0.352±0.044 6363 0.112±0.019 3525 
2 0.473±0.044 9622 0.136±0.014 4669 
3 0.550±0.044 11696 0.225±0.029 8910 
Table F.I .7.c 45 Hz, 4 /vm - Run 5 Control PlateTest Data 
Animal 12 Animal 14 
Day OD # cells/well OD # cells/well 
0 0.178±0.029 1677 0.078±0.029 1904 
1 0.326±0.036 5663 0.109±0.011 3382 
2 0.514±0.039 10726 0.120±0.012 3906 
3 0.548±0.060 11642 0.228±0.020 9053 
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Table F.1.8.a 45 Hz, 4 jjm - Run 8 Calibration Data 
Number of Cells/Weil 
OD Readings 
Animal 13 Animal 15 
2500 0.338±0.030 0.235±0.027 
5000 0.430±0.041 (11) 0.443±0.056 
10000 0.599±0.040 0.593±0.037 
20000 0.598± 0.040 (NU) 0.614± 0.036 (NU) 
Animal 13: NC = 28.74 * OD - 7.21 r = 0.993 
Animal 15: NC = 20.39 * OD - 2.81 r = 0.960 
Table F.1.8.b 45 Hz, 4 jL/m - Run 8 Experiment PlateTest Data 
Animal 13 Animal 15 
Day OD # cells/well OD # cells/well 
0 0.342±0.030 2615 0.238±0.029 2047 
1 0.536±0.042 8190 0.460±0.053 6574 
2 0.590±0.039 9741 0.615±0.042 9735 
3 0.637±0.040 11092 0.658±0.038 10612 
Table F.1.8.C 45 Hz, 4 fjm - Run 8 Control PlateTest Data 
Animal 13 Animal 15 
Day OD # cells/well OD # cells/well 
0 0.334±0.030 2385 0.232±0.025 1925 
1 0,512±0.031 7500 0.419±0.053 5738 
2 0.572±0.032 9224 0.588±0.031 9185 
3 0.621±0.039 10632 0.637±0.048 10184 
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Table F.1.9.a 45 Hz, ^2(Jm- Run 2 Calibration Data 
Number of Cells/Well 
OD Readings 
Animal 12 Animal 14 
2500 0.466±0.031 0.136±0.015 
5000 0.574±0.041 0.249±0.018 
10000 0.756±0.041 0.495±0.032 
Animal 12: NC = 23.15 * OD - 8.28 r = 0.997 
Animal 14: NC = 20.80 * OD - 0.28 r = 0.999 
Table F.1.9.b 45 Hz, 12/;m - Run 2 Experiment PlateTest Data 
Animal 12 Animal 14 
Day OD # cells/well OD # cells/well 
0 0.477±0.029 2754 0.136±0.014 2561 
1 0.558±0.032 4630 0.192±0.019 3726 
2 0.596±0.038 5509 0.285±0.037 5660 
3 0.738±0.032 8796 0.435±0.048 8780 
Table F.1.9.0 45 Hz, 12 ^ m - Run 2 Control PlateTest Data 
Animal 12 Animal 14 
Day OD # cells/well OD # cells/well 
0 0.455±0.033 2245 0.136±0.017 2561 
1 0.589±0.063 5347 0.207±0.020 4038 
2 0.612±0.032 5880 0.280±0.025 5556 
3 0.735±0.035 8750 0.472±0.042 9550 
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Table F.I.IO.a 45 Hz, 12^m - Run 6 Calibration Data 
Number of Cells/Well 
OD Readings 
Animal 13 Animal 15 
2500 0.104±0.015 0.162±0.027 
5000 0.203±0.016 0.269±0.017 
10000 0.413±0.025 0.468±0.033 
20000 0.589±0.031 0.649±0.032 
Animal 13: NC = 34.81 * OD - 2.02 r = 0.976 
Animal 14; NC = 35.04 * OD - 4.18 r = 0.978 
Table F.I.IO.b 45 Hz, 12 {jm - Run 6 Experiment PlateTest Data 
Animal 13 Animal 15 
Day OD # cells/well OD # cells/well 
0 0.104±0.015 1604 0.161 ±0.027 1461 
1 0.178±0.024 4180 0.261 ±0.032 4965 
2 0.285±0.038 7904 0.368±0.033 8715 
3 0.382±0.037 11277 0.469±0.034 12254 
Table F.1.10.c 45 Hz, Run 6 Control PlateTest Data 
Animal 13 Animal 15 
Day OD # cells/well OD # cells/well 
0 0.104±0.015 1604 0.163±0.026 1532 
1 0.172±0.020 3971 0.269±0.027 5246 
2 0.257±0.029 6930 0.336±0.025 7593 
3 0.325±0.031 9293 0.411±0.026 10221 
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Table F.I.11.a 45 Hz, 12/L/m - Run 11 Calibration Data 
Number of Cells/Well 
OD Readings 
Animal 12 Animal 14 
2500 0.151 ±0.027 0.127±0.013 
5000 0.279±0.036 0.248±0.027 
10000 0.440±0.039 0.462±0.020 
20000 0.596±0.036 (NU) 0.586±0.033 (NU) 
Animal 12 ; NC = 26.17 * OD -1.76 r = 0.992 
Animal 14: NC = 22.50 * OD - 0.44 r = 0.999 
Table F.l.ll.b 45 Hz, 12 ijm - Run 11 Experiment PlateTest Data 
Animal 12 Animal 14 
Day OD # cells/well OD # ceils/well 
0 0.152±0.026 2222 0.127±0.013 2413 
1 0.299±0.054 6069 0.228±0.020 4686 
2 0.475±0.067 10674 0.342±0.033 7251 






Table F.1.11.C 45 Hz, 12 jjm - Run 11 Control PlateTest Data 
Animal 12 Animal 14 
Day OD # cells/well OD # cells/well 
0 0.150±0.028 2170 0.128±0.013 2436 
1 0.270±0.045 5310 0.213±0.018 4348 
2 0.456±0.054 10177 0.334±0.043 7071 
3 0.563±0.074 
(46) 
12977 0.458±0.038 9863 
Table F.1.12.a 45 Hz, 12 jum - Run 12 Calibration Data 
Number of Cells/Well 
OD Readings 
Animal 13 Animal 15 
2500 0.415±0.040 0.507±0.045 
5000 0.540±0.060 0.627±0.053 
10000 0.631±0.059 0.686±0.059 
20000 0.588±0.036 (NU) 0.599±0.024 (NU) 
Animal 13 : NC = 33.83 * OD -12.05 r = 0.961 
Animal 15: NC = 38.93 * OD -17.77 r = 0.925 
Table F.1.12.b 45 Hz, 12 jum - Run 12 Experiment PlateTest Data 
Animal 13 Animal 15 
Day OD # cells/well OD # cells/well 
0 0.414±0.044 1954 0.511±0.033 2122 
1 0.558±0.063 6826 0.593±0.061 5314 
2 0.642±0.029 9668 0.663±0.028 8039 
3 0.682±0.032 11021 0.671±0.036 8351 
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Table F.1.12.b 45 Hz, 12fjm - Run 12 Experiment PlateTest Data 
Animal 13 Animal 15 
Day OD # cells/well OD # cells/well 
0 0.414±0.044 1954 0.511±0.033 2122 
1 0.558±0.063 6826 0.593±0.061 5314 
2 0.642±0.029 9668 0.663±0.028 8039 
3 0.682±0.032 11021 0.671 ±0.036 8351 
Table F.1.12.C 45 Hz, 12^m - Run 12 Control PlateTest Data 
Animal 13 Animal 15 
Day OD # cells/well OD # cells/well 
0 0.415±0.038 1987 0.503±0.062 1811 
1 0.539±0.063 6183 0.583±0.058 4925 
2 0.615±0.031 8755 0.632±0.035 6833 
3 0.658±0.040 10209 0.673±0.033 8429 
F.2 Spreadsheets Used For Data Analysis 
F.2.a Spreadsheet for Direct Use of Cell Counts 
This sheet includes the set up for plots. It also includes determination of the 
best fit slope for each data set and the between day slopes for each set. These were 
used for statistical analysis. 
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Table F.2.1 Cell Count Data Plot Set Up 
15 Hz, 4 um Experiment 
Animal12 Animal14 Animal13 AnimallS Average 
0 2567 2572 2345 2179 2415.75 
1 6203 4412 4551 5927 5273.25 
2 6931 5578 8256 9768 7633.25 
3 9303 9718 12067 11018 10526.5 
15 Hz, 4um Control 
Animal 12 Animal 14 Animal 13 Animal 15 Average 
0 2874 3339 2011 1971 2548.75 
1 5897 3983 4603 4969 4863 
2 7428 8798 7355 7261 7710.5 
3 9648 9871 10565 9167 9812.75 
15 Hz,12 um Experiment 
Animal 12 Animal 14 Animal 13 Animal 15 Average 
0 2166 2404 2870 1991 2357,75 
1 4609 3533 3762 5950 4463.5 
2 7618 7548 7538 12315 8754.75 
3 9260 10098 10628 14532 11129.5 
15Hz,12um Control 
Animal 12 Animal 14 Animal 13 Animal 15 Average 
0 2010 2112 2730 2086 2234.5 
1 4491 3659 3210 6235 4398.75 
2 7442 7318 6918 11238 8229 
3 8498 9179 11655 13043 10593.75 
45 Hz, 4um Experiment 
Animal 12 Animal 14 Animal 13 Animal 15 Average 
0 2323 3048 2615 2047 2508.25 
1 6363 3525 8190 6574 6163 
2 9622 4669 9741 9735 8441.75 
3 11696 8910 11092 10612 10577.5 
45 Hz, 4um Control 
Animal 12 Animal 14 Animal 13 Animal 15 Average 
0 1677 1904 2385 1925 1972.75 
1 5663 3382 7500 5738 5570.75 
2 10726 3906 9224 9185 8260.25 
3 11642 9053 10632 10184 10377.75 
45 Hz,12 um Experiment 
Animal 12 Animal 14 Animal 13 Animal 15 Average 
0 2754 2561 1604 1461 2095 
1 4630 3726 4180 4965 4375.25 
2 5509 5660 7904 8715 6947 
3 8796 8780 11277 12254 10276.75 
45 Hz, 12 um Control 
Animal 12 Animal 14 Animal 13 Animal 15 Average 
0 2245 2561 1604 1532 1568 
1 5347 4038 3971 5246 4650.5 
2 5880 5556 6930 7593 6489.75 
3 8750 9550 9293 10221 9453.5 
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30 Hz, 8 um Experiment 
Animal 12 Animal 14 Animal 13 Animal 15 Average 
0 1769 2121 2001 2567 2114.5 
1 4463 4336 4780 7219 5199.5 
2 7102 7899 7067 8048 7529 
3 9045 9696 9920 10374 9758.75 
30 Hz, 8 um Control 
Animal 12 Animal 14 Animal 13 Animal 15 Average 
0 2186 1821 1927 2433 2091.75 
1 5824 4935 3993 5481 5058.25 
2 8407 9187 6698 6791 7770.75 
3 10156 10834 9502 8423 9728.75 
Two al points at 45 Hz and 12 um 
additional 
Experiment 
Animal 12 Animal 14 Animal 13 Animal 15 Average 
0 2222 2413 1954 2122 2177.75 
1. 6069 4686 6826 5314 5723.75 
2 10674 7251 9668 8039 8908 
3 13448 10604 11021 8351 10856 
Control 
Animal 12 Animal 14 Animal 13 Animal 15 Average 
0 2170 2436 1987 1811 2101 
1 5310 4348 6183 4925 5191.5 
2 10177 7071 8755 6833 8209 
3 12977 9863 10209 8429 10369.5 
Comparison of global ave of control & test point averages 
15Hz, 4um 15 Hz,12 um 30 Hz, 8 um 45 Hz, 4 um 45 Hz, 12 um 
0 2415.75 2357.75 2114.5 2508.25 2136.375 
1 5273.25 4463.5 5199.5 6163 5049.5 
2 7633.25 8754.75 7529 8441.75 7927.5 







Table F.2.2 Cell Count Data Preperation for Statistical Analysis 
linear regression on individual runs 





No. of Observations 
Degrees of Freedom 




847.189235 StdErrof YEst 
0.93852756 R Squared 
4 No. of Observations 


















Std Err of Y Est 
R Squared 
No. of Observations 
Degrees of Freedom 
X Coefficient(s) 3287.1 
Std Err of Coef. 272.218423 




Std Err of Y Est 
R Squared 
No. of Observations 
Degrees of Freedom 
X Coefficient(s) 2429.1 




Std Err of Y Est 
R Squared 
No. of Observations 
Degrees of Freedom 
X Coefficient(s) 2705 
Std Err of Coef. 429.539986 
Animal 12 45Hz&4um 
Regression Output: 
Constant 
Std Err of Y Est 
R Squared 
No. of Observations 
Degrees of Freedom 
X Coefficient(s) 3137.8 




Std Err of Y Est 
R Squared 
No. of Observations 




608.698899 Std Err of Y Est 
0.98646922 R Squared 
4 No. of Observations 













416.668153 Std Err of Y Est 
0.98836763 R Squared 
4 No. of Observations 
2 Degrees of Freedom 
X Coefficient(s) 2709.7 




960.480609 Std Err of Y Est 
0.95198965 R Squared 
4 No. of Observations 
2 Degrees of Freedom 
X Coefficient(s) 4398.8 




698.014971 Std Err of Y Est 
0.98058996 R Squared 
4 No. of Observations 
2 Degrees of Freedom 
X Coefficient(s) 1873 




1611.16306 Std Err of Y Est 
0.87517902 R Squared 
4 No. of Observations 


































Std Err of Y Est 
R Squared 
No. of Observations 








Std Err of Y Est 
R Squared 
No. of Observations 
Degrees of Freedom 
X Coefficient(s) 3274,3 
Std Err of Coef. 164.667028 
Animal 12 30Hz&8um 
Regression Output: 
Constant 
Std Err of Y Est 
R Squared 
No. of Observations 
Degrees of Freedom 
X Coefficient(s) 2446.7 




Std Err of Y Est 
R Squared 
No. of Observations 
Degrees of Freedom 
Animal 14 
Regression Output: 
2571.5 Constant 2093.1 
733.972581 Std Err of Y Est 694.334466 
0.94369884 R Squared 0.95649633 
4 No. of Observations 4 
2 Degrees of Freedom 2 
X Coefficient(s) 2059.1 
Std Err of Coef. 310.515813 
Animal 15 
Regression Output: 
1329.8 Constant 1429.4 
368,206668 Std Err of Y Est 73.3099584 
0.99496714 R Squared 0.99983533 
4 No. of Observations 4 
2 Degrees of Freedom 2 
X Coefficient(s) 3612.9 
Std Err of Coef. 32.7852101 
Animal 14 
Regression Output: 
1924.7 Constant 2069.8 
284.204416 Std Err of Y Est 514.067505 
0.99463188 R Squared 0.98493419 
4 No. of Observations 4 
2 Degrees of Freedom 2 
X Coefficient(s) 2628.8 
Std Err of Coef. 229,897977 
Animal 15 
Regression Output: 
2035.4 Constant 3414.5 
169.318044 Std ErrofY Est 1176.3692 
0.99831221 R Squared 0.91396895 
4 No. of Observations 4 
2 Degrees of Freedom 2 
X Coefficient(s) 
Std Err of Coef. 
Animal 12 
X Coefficient(s) 




45 Hz & 12 (repeat) 
um 
Regression Output: 
Constant 2360.8 Constant 
Std Err of Y Est 558.11213 Std Err of Y Est 
R Squared 0.99157025 R Squared 
No. of Observations 4 No. of Observations 





















Std Err of Y Est 
R Squared 
No. of Observations 




1247.09148 Std Err of Y Est 
0.93552027 R Squared 
4 No. of Observations 







Std Err of Coef. 
3004.3 
557.716263 
Determination of slopes between days for each animal & 
run 
Experimental Plates only 
Animal 12 Animal 14 Animal 13 
X Coefficient(s) 
Std Err of Coef. 





day 1-day 0 3636 1840 2206 3748 
day 2 - day 1 728 1166 3705 3841 
day 3 -day2 2372 4140 3811 1250 
15HZ&12um 
day 1-day 0 2443 1129 892 3959 
day 2 - day 1 3009 4015 3776 6365 
day 3 -day2 1642 2550 3090 2217 
45 Hz & 4 um 
day 1-day 0 4040 477 5575 4527 
day 2 - day 1 3259 1144 1551 3161 
day 3 -day2 2074 4241 1351 877 
45 HZ&12 
um 
day 1-dayO 1876 1165 2576 3504 
day 2 - day 1 879 1934 3724 3750 
day 3 -day2 3287 3120 3373 3539 
30 Hz & 8 um 
day 1-dayO 2694 2215 2779 4652 
day 2 - day 1 2639 3563 2287 829 
day 3 -day2 1943 1797 2853 2326 
45 Hz & 12 um repeat 
day 1-dayO 3847 2273 4872 3192 
day 2 - day 1 4605 2565 2842 2725 
day 3 -day2 2774 3353 1353 312 
F.2.b Spreadsheet for Use and Determination of Difference = Experiment - Control 
This sheet includes the set up for difference plots. It also includes determination 
of the best fit slope for each data set and the between day slopes for each difference 
set. These were used for statistical analysis. 
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Table F.2.3 Difference Data Plot Set Up 
Differences between Ex periment & Control Num bers 
15 Hz&4um 
Animal12 Animal 14 Animal13 Animal 15 
0 -307 -767 334 208 
1 306 429 -52 958 
2 -497 -3220 901 2507 
3 -345 -153 1502 1851 
Differences between Ex periment & Control Num bers 
15HZ&12 
um 
Animal 12 Animal 14 Animal 13 Animal 15 
0 156 292 140 -95 
1 118 -126 552 -285 
2 176 230 620 1077 
3 762 919 -1027 1489 
Differences between Ex periment & Control Num bers 
45 Hz & 4 um 
Animal 12 Animal 14 Animal 13 Animal 15 
0 646 1144 230 122 
1 700 143 690 836 
2 -1104 763 517 550 
3 54 -143 460 428 
Differences between Ex periment & Control Num bers 
45 Hz & 12 Original Set 
um 
Animal 12 Animal 14 Animal 13 Animal 15 
0 509 0 0 -71 
1 -717 -312 209 -281 
2 -371 104 974 1122 
3 46 -770 1984 2033 
Differences between Ex periment & Control Num bers 
30 Hz & 8 um 
Animal 12 Animal 14 Animal 13 AnimaM5 
0 -417 300 74 134 
1 -1361 -599 787 1738 
2 -1305 -1288 369 1257 
3 -1111 -1138 418 1951 
Differences between Ex periment & Control Num bers 
45 Hz & 12 Second Set 
um 
Animai12 Animal 14 Animal 13 Animal 15 
0 52 -23 -33 311 
1 759 338 643 389 
2 497 180 913 1206 
3 471 741 812 -78 
Comparison Difference = Experiment - Control Averages 
15Hz, 4um 15 Hz,12 um 30Hz, 8um 45Hz, 4um 45 Hz,12 um 
0 -133 123.25 22.75 535.5 93.125 
1 410.25 64.75 141.25 592.25 128.5 
2 -77.25 525.75 -241.75 181.5 578.125 
3 713.75 535.75 30 199.75 654.875 
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Table F.2.4 Data Preperation for Statistical Analysis of Difference Data 
each anim 
Linear regression on Difference = experiment - control 
Animal 12 15Hz&4um 





No. of Observations 
Degrees of Freedom 





408.786191 StdErrof YEst 
0.11174404 R Squared 
4 No. of Observations 






X Coefficient(s) -91.7 






No. of Obsen/ations 
Degrees of Freedom 
X Coefficient(s) -180.7 




439.611362 Std Err of YEst 
0.71986675 R Squared 
4 No. of Observations 

















No. of Observations 
Degrees of Freedom 
X Coefficient(s) 187.6 




Std Err of Y Est 
R Squared 
No. of Observations 
Degrees of Freedom 
X Coefficient(s) -343.3 
Std Err of Coef. 339.684015 
Animal 12 45 Hz & 4 um 
Regression Output; 
Constant 
Std Err of YEst 
R Squared 
No. of Observations 
Degrees of Freedom 
X Coefficient(s) 






230.949345 Std Err of Y Est 
0.62258106 R Squared 
4 No. of Observations 
2 Degrees of Freedom 
X Coefficient(s) 223.7 




759.556548 Std Err of Y Est 
0.338056 R Squared 
4 No. of Observations 
2 Degrees of Freedom 
X Coefficient(s) 611.4 




856.248796 Std Err of Y Est 
0.3041178 R Squared 
4 No. of Observations 






























No. of Observations 




217.798416 StdErrofY Est 
0.12347424 R Squared 
4 No. of Observations 















Std Err of Y Est 
R Squared 
No. of Observations 
Degrees of Freedom 
X Coefficient(s) 













No. of Observations 
Degrees of Freedom 
X Coefficient(s) 671.7 
Std Err of Coef. 128.544273 
Animal 12 30 Hz & Sum 
Regression Output: 
Constant 
Std Err of Y Est 
R Squared 
No. of Observations 
Degrees of Freedom 
X Coefficient(s) -202.6 




Std Err of Y Est 
R Squared 
No. of Observations 
Degrees of Freedom 
Regression Output: 
23.2 Constant 
627.49992 StdErrofY Est 
0.06460642 R Squared 
4 No. of Observations 
2 Degrees of Freedom 
X Coefficient(s) -189.4 




287.433731 Std Err of Y Est 
0.93175271 R Squared 
4 No. of Observations 
2 Degrees of Freedom 
X Coefficient(s) 771.5 




424.801836 Std Err of Y Est 
0.36250974 R Squared 
4 No. of Observations 
2 Degrees of Freedom 
X Coefficient(s) -500.3 




344.894332 Std Err of Y Est 
0.0734158 R Squared 
4 No. of Observations 


































Std Err of Y Est 
R Squared 
No. of Observations 
Degrees of Freedom 
X Coefficient(s) 99.5 




Std Err of Y Est 
R Squared 
No. of Observations 
Degrees of Freedom 
Regression Output; 
295.5 Constant -11.1 
321.654706 Std Err of Y Est 208.125203 
0.19304396 R Squared 0.72439093 
4 No. of Observations 4 
2 Degrees of Freedom 2 
X Coefficient(s) 213.4 
Std Err of Coef. 93.0764202 
Animal 15 
Regression Output; 
163 Constant 509.5 
274.766719 Std Err of Y Est 658.422737 
0.72263968 R Squared 0.0070147 
4 No. of Observations 4 
2 Degrees of Freedom 2 
X Coefficient(s) 




Std Err of Coef. 
-35 
294.455599 
Determination of slopes between days for each animal & ex; slope = (day 1 -day2)/1 
run 
done on Difference 
numbers 
Animal 12 Animal 14 Animal 13 Animal15 
15Hz&4um 
day 1-day 0 613 1196 -386 750 
day 2 - day 1 -803 -3649 953 1549 
day 3 -day2 152 3067 601 -656 
15HZ&12um 
day 1-dayO -38 -418 412 -190 
day 2 - day 1 58 356 68 1362 
day 3 -day2 586 689 -1647 412 
45 Hz & 4 um 
day 1-dayO 54 -1001 460 714 
day 2 - day 1 -1804 620 -173 -286 
day 3 -day2 1158 -906 -57 -122 
45 Hz& 12 
um 
day 1-dayO -1226 -312 209 -210 
day 2 - day 1 346 416 765 1403 
day 3 -day2 417 -874 1010 911 
30 Hz & 8 um 
day 1-day 0 -944 -899 713 1604 
day 2 - day 1 56 -689 -418 -481 
day 3 -day2 194 150 49 694 
45 Hz & 12 um repeat 
day 1-dayO 707 361 676 78 
day 2 - day 1 -262 -158 270 817 
day 3 -day2 -26 561 -101 -1284 
F.3 SAS Output 
260 
Selected portions of the SAS output obtained while doing the statistical 
analysis of the vibration test data have been selected for inclusion in this appendix. 
The first section presents the ANOVA's of the 2^ test set. The test for the significance 
of the regression analysis done on a test point by test point basis is then presented for 
the original 10 test set, 2 runs per condition. Finally, the test on the significance of the 
regression for the 45 Hz and 12 /jm point which included results from all four runs 
done at this condition is presented. 
Recall that all of the analysis presented here looked at the results in terms of the 
difference between experiment plate cell numbers and control plate cell numbers. 
PLEASE NOTE 
Pages 261 - 270 contain poor print. 
Best Copy Available. 
University Microfilms International 
261 
ANOVA of Regression Slopes 
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ANOVA of Slope Between Day 0 and Day 1 
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ANOVA of Slope Between Day 1 and Day 2 
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ANOVA of Slope Between Day 2 and Day 3 
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Test for Significance of Regression Slope at 15 Hz & 4 /vm 
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Test for Significance of Regression Slope at 15 Hz & 12 /vm 
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Test for Significance of Regression Slope at 30 Hz & 8 
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Test for Significance of Regression Slope at 45 Hz & 12 fjm 
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Test for Significance of Regression Slope at 45 Hz & 12 
Results of All Four Runs Included 
